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Our research focus is on applying two long range electrostatic interactions--
coulombic interaction between ion pairs and hydrogen bonding—to two tasks: 
exploring counterion effects in gold catalysis and utilizing hydrogen bonding for 
fluorinating reagent development. 
Cationic gold catalysis is considered one of the most important breakthroughs in 
organic synthesis over the past two decades. A wealth of empirical information on 
counterion effects is now available regarding homogeneous gold catalysis. 
However, the rational understanding of the counterion effect on reactivity is still 
elusive. We proposed a widely applicable model to rationalize the kinetic effect in 
gold catalyzed reaction.  
We first solved the problem of the silver effect that existed in gold catalyst and 
provided a more stable gold catalyst preparation protocol. We discovered that the 
presence of silver activators almost always had adverse effects in many gold 
catalyzed reactions. However, using a pre-formed L-Au+X- complex by removing 
excess AgX before the reaction avoided this problem. The deleterious silver effect 
vi 
 
may be caused by the interaction of silver salts with key gold intermediates like 
vinyl gold complex in the gold catalytic cycle.  
With the new method of catalyst preparation, we investigated the counterion effect 
in various cationic gold catalyzed reactions. We found that gold affinity and 
hydrogen bonding basicity of counterions play critical roles in the reactivity of 
cationic gold catalysts. The impact of our studies may not be limited to gold 
catalysis but may also provide guidance in transition metal catalysis in general. 
We then applied the hydrogen bonding basicity scale of different anions for the 
development of a new generation of HF-based reagents. We utilized a novel 
acidic but strong hydrogen bonding acceptor as a stabilizer to fixate gaseous and 
toxic hydrogen fluoride as liquid. This new reagent has several advantages such 
as being inexpensive, easily handled, and more acidic than other commercially 
available HF reagent. We then utilized this HF reagent on the hydrofluorination of 
various highly functionalized alkenes. The excellent functional group tolerance, 
exclusive Markovnikov addition regioselectivity and high atom economy may 
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1. LONG-RANGE ELECTROSTATIC INTERACTIONS 
AND AIMS  
 
1.1. Background for two types of long-range electrostatic 
interaction  
1.1.1. Ion pairing  
Ion pairing is a type of long-range electrostatic interaction in which oppositely 
charged ions are held together by Coulombic attraction. There are four types of 
ion pairs in solvent. (Figure 1) An ion pair with no solvent molecules between the 
two ions is designated as a ‘tight ion pair’ or ‘contact ion pair’ or ‘intimate ion pair’ 
(Figure 1a). Another type of ion pair is called a penetrated ion pair (Figure 1b). It 
was discovered by studying tetraalkylammonium tetrafluoroborates having a 
radius smaller than the sum of the van der Waals radii of the ions. Another type of 
ion pair is called a solvent-separated ion pair (Figure 1c and 1d). Further 
differentiation of this type of ion pair depends on the layers of the solvent shell 
existing between the two ions, such as solvent-shared ion pair, in which there is 
only one solvent shell (Figure 1c), and solvent-separated ion pair in which every 
ion has its own solvation shell (Figure 1d).1 The vital factor to determine the status 
of ion pairing is the permittivity of the solvent.2 A contact ion pair is more favored 
in a low dielectric constant solvent (DCM, toluene, ether, etc.)3 and a solvent-
separated ion pair is favored in high dielectric constant solvent (acetone, 




Figure 1. Different types of ion pairs in solvent  
 
Even though the significance of ion pairing in organic chemistry has been 
recognized for a long time,5 transition-metal complex ion pairs have only been 
extensively investigated in the last few decades. Ionic transition-metal 
organometallics are frequently used to promote organic reactions in solvents with 
low to moderate relative permittivity where, consequently, ion pairing plays an 
important role.6 Most cationic gold catalyzed reactions are conducted in low 
dielectric constant solvents (e.g. DCM, toluene), where the cationic gold catalyst 
or the corresponding gold intermediate will exist as an ion pair rather than 
dissociated ions. 
1.1.2. Hydrogen bonding and hydrogen bonding basicity 
The hydrogen bond (H-bond), has been known for more than 100 years but is still 
a topic of scientific research due to its importance in not only organic chemistry 
but also in inorganic chemistry, supramolecular chemistry, biochemistry, and 
several other fields.7 The hydrogen bond is regarded as X–H . . . . . . A. It involves a 
dipole-dipole attraction between a partially positive hydrogen atom H and a highly 
electronegative, partially negative oxygen, nitrogen, sulfur, or fluorine atom A. 




acts as a proton donor to A.8 The group X–H is called the hydrogen bond donor 
(HBD) and A is called the hydrogen bond acceptor (HBA), respectively. 
Our research focused on the hydrogen bond acceptor. A quantitative descriptor 
for hydrogen bond acceptor has been built by Abraham and Laurence.9 They 
used UV/vis absorption titrations to investigate the formation of H-bonded 
complexes between anionic H-bond acceptors (HBAs) and neutral H-bond donors 
(HBDs) in organic solvents. A comprehensive database of hydrogen-bond basicity 
(pKBHX) was established, where a larger number indicates higher hydrogen-bond 
basicity or a better hydrogen bond acceptor characteristic. (Figure 2)  


















































It is commonly assumed that the relative hydrogen-bond strength or hydrogen-




this assumption holds true only for structures closely related compounds in a 
series. In other words, a weak base is not necessarily a weak hydrogen bond 
acceptor. For example, pyridine (pKaH = 5.2) is a much stronger base than 
pyridine N-oxide (pKaH = 0.79), but pyridine (pKBHX = 1.86) is a weaker hydrogen 
bond acceptor than pyridine N-oxide (pKBHX = 2.72). 
In 2017, Hunter and coworkers used the same experimental method and 
investigated anion hydrogen bonding basicity by studying the complexes formed 
by three different HBDs with 15 different anions in chloroform and in acetonitrile.10 
Their results demonstrated that those anions are much better HBAs, with β 
parameters (8-15) that are significantly higher than those of neutral organic HBAs.  
The non-coordinating anion hexafluorophosphate is the weakest acceptor, with a 
β parameter comparable to that of pyridine. (Figure 3) They also found that there 
is no correlation between the H-bonding properties of the anions and the pKa 
values of the conjugate acids.  
Figure 3. Hydrogen bonding basicity scale for anions 
 
1.2. Aims  
1.2.1. Background of cationic gold catalysis  
Cationic gold catalysis is considered one of the most important breakthroughs in 




regarded as the most powerful catalysts for the electrophilic activation of alkynes 
toward a variety of nucleophiles.11 However, the low turnover numbers in gold-
catalyzed reactions is a hurdle for a wider application of gold catalysts in industry. 
Because gold is a precious metal and a high catalyst loading (usually approximate 
5%) is often needed, its use is impractical in larger scale synthesis.  
Most gold-catalyzed reactions go through two major stages: (i) electronic 
activation of an alkyne (or allene) to generate a vinyl gold intermediate; (ii) 
protodeauration to generate the product and regenerate the cationic gold catalyst. 
(Scheme 1)  
Scheme 1. Typical gold catalytic cycles 
 
To improve gold catalysis efficiency, much effort has been dedicated to 
understanding the catalyst itself, especially the effects of ligands in gold catalysis 
as demonstrated by Hashmi’s group, 12 Zhang’s group13 and our group.11, 14 
However, the other part of the catalyst, that is, the counterion has been less 




reactions. Only recently, chemists have begun to investigate the effects of the 
counterion in gold catalyzed reactions. However, these reports are based on 
individual gold catalyzed reactions.15 Chemists still need to screen different 
counterions during the process of optimization of the reaction conditions. A 
quantitative and systematic analysis of counterion effect in gold catalysis is still 
elusive. 
1.2.2. Aim 1: Silver effect in cationic gold catalysis  
Silver-mediated halogen abstraction is regarded as the most common method to 
generate cationic gold species from a gold catalyst precursor. (Scheme 2) During 
our investigation of counterion effect in gold catalysis, we found different Ag-
mediated halogen abstraction procedures give different reaction rates.  
Scheme 2. Ag-mediated halide abstraction for cationic gold generation 
 
 
Actually, this phenomenon called silver effect has been investigated by other 
groups. The silver-based halogen abstraction is not a simple process (Figure 4). 
Shi and coworkers found that a silver salt benefits the reaction.16  However, 
Echavarren found that chloride abstraction will produce a chloride-bridged digold 
complex which is less effective than the general cationic gold.17 Indeed, silver 
could be involved in the later stages of the gold catalytic cycle, possibly because 
of the high affinity of silver towards gold and the halogen atom.18 Our aim was to 
find a stable and efficient way to prepare the cationic gold catalyst and to try to 




Figure 4. Silver effect in general catalyst preparation method 
 
 
1.2.3. Aim 2: Counterion effects in cationic gold catalysis  
Reactions involving cationic species are one of the most important 
transformations in organic chemistry; counterions often play a significant role in 
the efficiency of these reactions. However, the selection of the counterion is still 
mostly empirical. Cationic gold catalysis19 is a case in point; much effort has been 
dedicated to understanding the effects of ligands in gold catalysis,12-13, 19d, 20 but, 
only recently, chemists have begun to investigate the effects of counterion in gold 
catalyzed reactions. For example, Maier and coworkers studied counterion effects 
in the gold(I)-catalyzed hydroalkoxylation of alkynes,15d Echavarren and 
coworkers investigated the counterion effects in gold(I)-catalyzed intermolecular 
cycloadditions,21 whereas Bandini, Macchioni and coworkers reported the effects 
of counterion in gold-catalyzed dearomatization of indoles with allenamides.15a 
However, a quantitative analysis of counterion effects in gold catalysis has not 
been hitherto attempted. We posited that one important barrier for a rational 
understanding of the counterion effect in cationic gold catalysis, or cationic 
catalysis in general, is the lack of a quantitative description of the relevant 




treatment of relevant physical properties of counterions, such as gold affinity and 
hydrogen bonding basicity, which may affect the reactivity of cationic gold catalyst.  
1.2.4. Aim 3: Hydrogen fluoride reagent development using anionic 
hydrogen bonding acceptors  
Hydrogen fluoride (HF) has wide applications in industry. It also acts as a 
precursor of almost all the fluorine compounds because most fluorination reagents 
are derived from HF.  However, HF is a toxic and corrosive gas at room 
temperature. That is why organic bases (or hydrogen bond acceptors) like Et3N,22 
pyridine23 or DMPU24 are used to complex with HF, condensing it into a liquid 
solution and easing its handling.  
There are three crucial factors that need to be reconciled during the preparation of 
a stable HF solution. First, the stabilizer need to interact with HF and form a 
complex that can condense it from the gas phase. This is why bases like Py and 
Et3N have been used for the complexation. The last two factors are acidity of HF 
solution and the fluoride nucleophilicity. However, the introduction of base will 
decrease the acidity of the HF even though it will increase the nucleophilicity of 
the fluoride. So, the acidity and the nucleophilicity of HF are mutually excluded. 
Also, the organic base will coordinate with some metal catalysts which will affect 
the reaction. Our group used DMPU, which is a good HBD, to develop a new 
complex, DMPU-HF. However, DMPU lowers the HF acidity. In this aim, we 
proposed to introduce a hydrogen bonding acceptor instead of an organic base to 
stabilize HF. More specifically, by applying a less Brønsted basic but good a 
hydrogen bond acceptor, we thought we could reconcile the three factors in HF 










Cationic gold is considered among the strongest catalysts for electrophilic 
activation of alkynes and alkenes.19, 25 Silver-mediated halogen abstraction is 
regarded as the most common method to generate cationic gold from a gold 
catalyst precursor (e.g., L-Au-Cl). Recent reports have revealed that the silver-
based halogen abstraction is not a simple process (Figure 5). Indeed, silver may 
be involved in the later stages of the gold catalytic cycle, possibly because of the 
high affinity of silver towards gold and the halogen atom.16 For example, Straub 
and coworkers have reported that a Au-Ag-Cl complex (type A complex, Figure 5) 
can be generated during the silver-based halogen abstraction.18a More complex 
species that contain multiple Au or Ag atoms (e.g. type B complex) can also be 
formed (Figure 5).26 Silver may even interact with the gold intermediate in the gold 
catalytic cycle, giving rise to the formation of a dinuclear gold-silver resting state18c 
(i.e., type C complex, Figure 5). It has been proposed that silver salts may act as 
co-catalysts in many gold catalyzed reactions.16 All of these findings suggest that 
silver activators may play a significant role on the efficiency of gold catalyzed 






Figure 5. Various Au-Ag intermediates. 
 
Because most AgX (X = OTf, SbF6) salts used for halogen abstraction are very 
hygroscopic, it is difficult to weigh small amounts accurately, so, in practice, an 
excess amount of a silver salt is usually added. During our research on improving 
the efficiency of gold catalysis,11, 14, 24c, 27 we found that excess amounts of silver 
activators almost always had an adverse effect on the reaction but a preformed L-
Au+X- complex avoids this problem. 
2.2 Results and discussion 
Basically, there are two methods to conduct cationic gold catalyzed reactions 
using silver activators: 1) preform method; 2) in situ method (Figure 6). We 
investigated four modes of cationic gold generating conditions: using a preformed 
catalyst; or using in situ methods and changing the number of AgX equivalents 
(1.0, 1.5, and 3.0 equiv) (Figure 6). Most reactions reported in literature are 




mixing of AgX and L-Au-Cl is important.17, 28 Because AgX is not soluble in most of 
the organic solvents employed in gold catalysis (e.g., DCM, toluene), we resorted 
to sonication to help mixing AgX with L-Au-Cl. We found sonication was much 
more efficient than stirring. We also found that some basic components present in 
filtration aids (e.g., Celite) may poison the reactive cationic gold catalyst,27d a 
problem that can be avoided by centrifugation.  
Figure 6. Generation of cationic gold catalysts.  
L-Au-Cl















(1.0 equiv, 1.5 equiv, 3.0 equiv)  
We found that an excess amount of silver actually retarded the reactions studied 
(Figure 7). In all cases, the preformed catalysts showed the highest reactivity. 
Some reactions were especially sensitive towards additional amounts of silver 
salts. For example, in the hydroamination reaction and the cyclization of propargyl 
amide (Figure 7a and Figure 7b), higher amounts of silver led to a significantly 
slower reaction rate. In other reactions, there was no direct correlation between 
reactivity and the number of equivalents of silver, but in all cases, the preformed 
gold catalyst exhibited the highest reactivity. In the cycloisomerization of aziridine 
2-11, a large amount of silver (3 equiv vs gold) led to significant amounts of side 
products (Figure 7e). This result is consistent with literature reports that found the 






Figure 7. Effects of silver on reactivity of cationic gold catalyzed reactions. 
 











JohnPhosAuCl + 3 AgOTf
JohnPhosAuCl + 1.5 AgOTf










time / h  
 








JohnPhosAuCl + 3 AgOTf
JohnPhosAuCl + 1.5 AgOTf
























JohnPhosAuCl + 1 AgOTf
JohnPhosAuCl + 1.5 AgOTf









time / h  
 






JohnPhosAuCl + 3 AgOTf
JohnPhosAuCl + 1 AgOTf
Preformed























JohnPhosAuCl + 3 AgSbF6
sinificant side reaction
JohnPhosAuCl + 1 AgSbF6
Preformed







time / h  
 














JohnPhosAuCl + 3 AgOTf
JohnPhosAuCl + 1.5 AgOTf





The adverse effects of silver were further confirmed by the addition of silver salts 
during the reaction. We used the cyclization of propargylic amide 2-4 as a model 
reaction. When a preformed gold catalyst was used, the kinetics of this reaction 
was close to zero-order when its conversion was less than 90%. We then allowed 
the reaction to proceed for the first hour using a preformed gold catalyst, and 
afterwards additional AgOTf was added to the system. It was found that the 
reaction still followed a zero-order kinetics, but at a much slower rate (Figure 8). 
Figure 8. Addition of silver during the reaction. 
 
 
As explained in the introductory paragraph, various Ag-Au complexes (e.g. type A, 
type B, type C) can form in gold catalyzed reactions (Figure 5). Both, type A and 
type B complexes still contain chloride. The presence of chloride may hinder the 
reactivity of type A and type B complexes. But because type A and type B 
complexes are not very stable, they tend to lose AgCl over time, 18a, 26 therefore, 




deactivation of gold catalysts. Instead, we think that the deleterious effect caused 
by excess silver may be due to its interaction with a key gold intermediate like the 
vinyl gold complex in the gold catalytic cycle (Scheme 3).  
Scheme 3. Role of silver in gold catalytic cycle. 
 
This statement is supported by the fact that silver salts can affect the reactivity of 
a preformed gold catalyst when added during the course of the reaction (Figure 8). 
Because there is no chloride in the reaction system, both type A and type B 
complexes cannot form. This statement is also consistent with Gagné and 
coworkers’ finding that excess amounts of AgNTf2 seemed to slow down the 
preformed L-Au-NTf2 catalyzed intramolecular hydroarylation reaction.18c  





Gagné and coworkers isolated the type C complex Au-1 (Figure 9).18c We 
investigated the interaction of isolable vinyl gold intermediates Au-230 and Au-311, 
31 with silver salts. Both Au-2 and Au-3 exhibited sharp peaks in their 31P NMR 
spectra, but after treating Au-2 and Au-3 with silver salts we observed a 
significant change in the chemical shifts and also a peak broadening in their 31P 
NMR spectra (see SI). Although we are not certain about the structures of the Au-
2/AgX or Au-3/AgX adducts, our experiment indicated that vinyl gold complexes 
interact with silver salts.  
Because many silver free methods have been reported in gold catalyzed 
reactions,27e, 32 the presence of silver is not indispensable in most gold catalyzed 
reactions. Our findings show that the presence of silver salts may be even harmful 
for some of these reactions. Based on our investigations on the influence of silver, 
our recommended method to generate cationic gold reaction is the preformed 
method (Figure 10). 
















The first step is the mixing of L-Au-Cl and AgX in the solvent chosen to conduct 
the reaction. To make sure that enough AgX is present at the beginning, a slight 
excess AgX (e.g., 1.5 equiv) can be used. Because AgX is not soluble in solvents 
commonly used for gold catalysis (e.g. DCM, toluene), excess AgX can be 




Echavarren and coworkers found that simple stirring often leads to incomplete 
removal of Cl, generating a less reactive [(L-Au)2Cl]+ species.17, 28 We found that 
the problem of insufficient mixing can be overcome by sonication and usually only 
5 min sufficed. We also found that centrifugation can be used to remove solid 
AgCl precipitate and excess AgX (X = OTf, SbF6, etc) in a convenient fashion. 
The last step is the addition of the substrate to start the reaction. This method 
usually leads to fast reaction rates and avoids the side reactions caused by 
excess silver salts.  
2.3 Conclusion 
In summary, we found that the presence of silver activators almost always has 
adverse effects in many gold catalyzed reactions. Using a pre-formed L-Au+X- 
complex by removing excess AgX before the reaction generally avoids this 
problem. The deleterious silver effect may be caused by the interaction of silver 
salts with key gold intermediates like vinyl gold complex in the gold catalytic cycle. 
2.4 Experimental 
2.4 1. General 
1H and 31P NMR spectra were recorded at 400 and 162 MHz respectively, using 
CDCl3 or CD2Cl2 as a solvent. The chemical shifts are reported in  (ppm) values 
relative to CHCl3 ( 7.26 ppm for 1H NMR) or CD2Cl2 ( 5.33 ppm for 1H NMR), 
multiplicities are indicated by s (singlet), d (doublet), t (triplet), q (quartet), p 
(pentet), h (hextet), m (multiplet) and br (broad). Coupling constants, J, are 
reported in Hertz. All air and/or moisture sensitive reactions were carried out 




DMF) were chemically dried using a commercial solvent purification system. All 
other reagents and solvents were employed without further purification. The 
products were purified using a CombiFlash system or a regular glass column. TLC 
was developed on Merck silica gel 60 F254 aluminum sheets. All NMR solvents 
were purchased from Cambridge Isotope Laboratories, Inc. Other chemicals like 
metal catalysts and ligands were purchased from Aldrich, Alfa Aesar or Strem. 
SAVANT SPEED VAC SVC 200H was used for Centrifugation. The centrifugal 
force, applied by the rotor spinning at up to 1760 RPM, concentrates all the 
precipitate at the bottom of the vial.  All the products formed in these reactions 
have been reported in the literature, hence we only used NMR to confirm their 
identities by comparison with the published spectra. 
2.4.2. General procedure for kinetic measurements 
The reactions were monitored with 1H NMR (single pulse or 1 scan for fast 
reactions, 8 scans for slow reactions). Some NMR measurements were 
conducted using an NMR experiment array (a series of spectra measured at 
predetermined time intervals over a period of time by adjusting the pre-acquisition 
delay). NMR experiment array gives better precision for both concentration (via 
integrations) and reaction time, because each measurement is conducted at 
almost identical shimming and temperature conditions.  
2.4.3. Synthesis of starting materials 
2.4.3.1. Synthesis of gold complexes (L-AuCl)   
All gold complexes (L-AuCl) were synthesized using a slightly modified version of 
a literature method.33 These complexes were prepared via the following general 




water, and the orange solution was cooled in ice. To this solution, 2,2’-
thiodiethanol (3 mmol) was slowly added (ca. 45 min) with stirring. A solution of 
the phosphine ligand (1 mmol) in EtOH (if the ligand could not be dissolved, more 
EtOH was used) was added dropwise to yield a white solid. The solid was filtered 
off, washed with water followed by EtOH, and ultimately dried in vacuum. 
2.4.3.2. Preparation of gold complexes (L-AuCl) stock solution in CD2Cl2  
The desired amount of L-AuCl was dissolved in CD2Cl2 and then kept in freezer (-
20 oC) until it was used.  
2.4.3.3. Synthesis and preparation of starting material stock solution 
All starting materials were synthesized according to references (compounds 2-
4,34 2-9,35 2-11,36 2-1437), which were used for preparation of 0.1 M or 0.2 M stock 
solution in CD2Cl2. 
2.4.3.4. Typical procedure for preparation of cationic gold (L-Au-X) stock solution 
The L-Au(I)Cl complex was weighed into a glass vial with the corresponding 
CD2Cl2, then 1.5 equiv of AgOTf was added and the vial was sonicated for 3 min 
at 0-5 oC.  The vial was centrifuged, and the clear solution was transferred to a 
clean glass vial with a screw cap. The L-Au-OTf stock solution was kept in freezer 
(-20 oC) and was usually prepared the same day it was used. 
2.4.4. General procedure for preformed method and in situ method 
L-Au-Cl


















2.4.4.1. Preformed method 
Into an NMR tube was added the prepared starting material stock solution, 
followed by the corresponding cationic gold (L-Au-OTf) stock solution. Finally, the 
NMR tube was sonicated at 0-5 oC for 2 min to mix all the components. The 
progress of reaction was monitored by 1H-NMR directly.  
2.2.4.2. In situ method  
Because the amount of the desired AgX for each reaction is small, we prepared 
0.01M or 0.02 M AgX stock solution in methanol first and then transfered the 
desired amount of AgX solution into a NMR tube using an Eppendorf pipette. The 
NMR tube was wrapped with aluminum foil to avoid light and then the methanol in 
the NMR tube was removed by high vacuum. Then the desired amount of (L-AuCl) 
stock solution and the starting material stock solution were added sequentially. 
Finally, the NMR tube was sonicated at 0-5 oC for 2 min to mix all the components. 
The progress of the reaction was monitored by 1H-NMR directly. Because AgX 
stock solutions are not very stable, we only used freshly prepared solutions. 
2.4.5. Kinetic diagram for various gold catalysis reactions  






























































































































3. INVESTIGATION OF COUNTERION EFFECTS: 




During our investigation of enamine catalysis38 and gold catalysis39, we found the 
counterion of catalyst played a vital role in the catalysis efficiency. More 
specifically, hydrogen bonding basicity of the counterion in the catalyst affects the 
enamine catalysis and gold affinity of the counterion in the catalyst affects gold 
catalysis. Considering both these two types of catalysis involve cationic species 
and a proton transfer process, we thought that both hydrogen bond basicity and 
gold affinity of the counterion should played roles in gold catalysis.  
In a simplified representation of cationic metal catalyzed reactions (Figure 11), a 
cationic metal catalyst (M+) will somehow complex or connect to reactants (RC1, 
RC2, etc.) to form the corresponding transition state (TS1), which, in turn, leads to 
an intermediate or product. In most theoretical treatments of cationic gold 
catalysis, or transition metal catalysis in general, cationic metals are treated as 
‘free’ ions (M+ in Figure 11a).2 In low dielectric constant solvents, a cationic metal 
complex will exist as an ion pair rather than ‘free’ ions.40 When the paired cationic 
metal (M+X-) interacts with RC1 and RC2 to produce TS2, there will be a charge 
separation between M+ and X- during the formation of TS2. Thus, compared to the 




overcome the Coulombic attraction. Our hypothesis is that in many cases, the 
counterion acts as a spectator and has limited influence on the structures of the 
transition state (Figure 11b), so the difference between G‡T2 and G‡T1 is mainly 
determined by the affinity between M+ and X-.  Therefore, in general, a catalyst 
that contains a weakly coordinating counterion (low affinity between M+ and X-) 
will exhibit high reactivity.  
Figure 11. Simplified representation of cationic metal catalyzed reactions. 
 
But the above statement does have an exception. The interaction between a 
pairing counterion (X-) and the corresponding transition structure (TS2) is a long-
range electrostatic attraction (Figure 11b), which is usually relatively weak. This 
long-range electrostatic attraction may exhibit limited interaction with most atoms 
or groups, but if the transition state intermediate contains an active proton (e.g. O-
H+, N-H+), which has the smallest mass among all atoms and is usually highly 




it may impact the proton transfer process via proton-shuttling.41 This long-range 
interaction between an active proton and the counterion can be classified as a 
hydrogen bonding interaction,42 so the ability of a counterion to mediate the proton 
transfer could be quantified by its hydrogen bonding basicity. In these cases, 
therefore, counterions possessing high hydrogen bonding basicity may play an 
important role in the transition state.   
3.2. Results and discussion 
First, we quantified the hydrogen bonding basicity of counterions. In 2009, 
Laurence and coworkers reported a comprehensive database of hydrogen-bond 
basicity (measured by pKBHX).43 The pKBHX of most compounds is in the range of 1 
to 6, where a bigger number indicates a higher hydrogen-bond basicity.43 In 
general, bigger and more charge-delocalized anions show smaller hydrogen 
bonding basicity (I- < Br- < Cl- < OAc-). Most compounds in Laurence’s database 
are neutral organic compounds, only few ionic compounds were reported. We 
could use computational methods to predict the hydrogen bonding basicity of 
counterions. Because the measurement of pKBHX is based on the complexation of 
a hydrogen bond acceptor with a substituted phenol,43 we calculated the H-
bonding bonding energies of phenol with various anions, and found out that these 
energies correlated very well with the Lawrence’s experimental pKBHX of the 
corresponding n-Bu4N+ salts (Table 1 and Figure 12).43 Similarly, Hunter and 
coworkers, very recently, developed a new hydrogen bond basicity scale of 
anions () with more anions;10 our calculated H-bonding bonding energies also 
correlated well with the experimental parameter  (Figure 13). From our 
calculations, among the more common counterions, acetate (OAc-) is the 




different literature reports used different hydrogen bond parameters, for 
convenience, we set up a hydrogen bonding basicity index of counterions (HBI), 
assigning an HBI of 10 to OAc- and an HBI of 0 to CTf3-. In this scale, the HBI of 
strong bases, like OH-, will be greater than 10. It should be noted that the 
hydrogen bonding basicity and Brønsted basicity of counterions have a very poor 
correlation (Figure 14). This means that a strong hydrogen bonding acceptor is 
not necessarily a strong Brønsted base.  




energy E (kJ/mol) 
a 
pKBHX b c 
hydrogen bond basicity 
index (HBI) 
OAc- 4.7 149.7 5.60 15.0 10 
TFA- 0.2 122.1 
 
 7.2 
TsO- -2.8 93.1 
 
11.3 4.3 
Cl- -8 115.3 4.26 12.1 6.5 
Br- -9 91.1 10.6 4.1 
I- -10 76.9 2.80 8.9 2.6 
OTf- -14 83.9 9.4 3.4 
PF6- <-10 82.2 7.0 3.2 
BF4- <-10 102.2  5.2 
SbF6- <-10 78.5  2.8 
NTf2- <-10 60.6 7.3 1.0 
CTf3- <-10 50.7  0 
a Bonding energies were calculated at B3LYP/6-31g level of theory without solvent. b pKBHX of corresponding n-Bu4N+ salts. 





Figure 12. Correlation between calculated bonding energy and pKBHX. 
  
Figure 13. Correlation between calculated H-bong bonding energy (E) and . 
 






Table 2. Gold affinity scale of counterions. 
 
counterion dissociation energy E (kJ/mol)a gold affinity index (GAI) 
I- 143.8 10 
Cl- 53.9 5.2 
Br- 67.7 6.0 
TFA- 74 6.3 
OAc- 70.6 6.1 
OTs- 28 3.8 
NTf2- 10.4 2.9 
OTf- 0 2.4 
BF4- -35.1 0.5 
CTf3- -40.5 0.2 
SbF6- -44.3 0 
Al[(CF3)3C-O)]4- <-45 <0 
BArF4- <-45 <0 
a Theoretical calculation using B3LYP44 hybrid functional and Lanl2DZ45 with pseudo potential for Au, an all electron 
QZP46 basis set for Sb and 6-311++g(d.p)47 for remains atoms, solvent effect was included using SMD48 model for DCM. 
All calculations were performed using Gaussian09, see supporting information. 
Then we proceeded to quantify the gold affinity index of counterions. The affinity 
of the counterion towards cationic gold will depends on the size and charge 
distribution of the counterion. Unfortunately, comprehensive data about counterion 
gold affinity is not available; only a limited set is available in the literature.15d We 
used our calculated gold-counterion dissociation energies to describe their 
bonding affinity.49 In our calculations, among the more common counterions, 




as in the previous section, we set up the gold affinity index of counterions (GAI) by 
assigning a GAI of 10 to I- and a GAI of 0 to SbF6-. In general, large, negatively 
charged and highly delocalized counterions have smaller affinity toward cationic 
gold (e.g. SbF6-, CTf3-). But counterions like OAc-, which are relatively small and 
have a more localized charge, form strong interaction with the cationic gold metal 
center. These properties may explain why they are rarely used in gold catalysis. It 
also should be noted that the hydrogen bonding basicity and the gold affinity index 
of counterions have a very poor correlation (Figure 15).  
Figure 15. Lack of correlation between gold affinity and hydrogen bond basicity 
 
The stability of counterions in the presence of cationic gold can be an issue: both 
the counterion itself and cationic gold can decompose. For example, anions like 
PF6– although ubiquitous, undergo facile fluoride abstraction or hydrolysis by 
adventitious water,50 so counterions like PF6- were not used in our study. In our 
previous mechanistic study on the decay of cationic gold catalyst, we found that a 
substrate (alkyne/allene/alkene)-induced disproportionation of cationic gold(I) 
played a key role in the decay process.27c But the role of counterions in the decay 




itself is relatively stable but when it is mixed with an alkyne or an alkene the 
deactivation process takes place (Figure 16). Among the counterions we tested, it 
seemed that BF4- led to extraordinary fast gold catalyst deactivation compared to 
other common counterions (Figure 16). NTf2- seemed to possess a superior ability 
to stabilize the cationic gold catalyst. This fact could explain why NTf2- is widely 
used in gold catalysis.51 
Figure 16. Effect of counterion on stability of cationic gold. 
 
 
More specifically, even cationic gold catalyzed reactions have complex multi-step 
mechanisms: a cationic gold catalyst complexes with alkyne/alkene starting 
material to form a gold -complex and then interacts with a nucleophile to give a 
gold -complex. We proposed two categories of gold catalyzed reactions 
(Scheme 4). In type I reactions there is no active proton involved in the rate-




do not contain an active proton. In type II reactions there is an active proton 
involved in the rate-determining step. In reactions of this type, nucleophiles 
usually contain an active proton (Nu = MeOH, PhNH2 etc), and the 
protodeauration of intermediate A2 may not be easy because of its positive 
charge (Scheme 4, right). Counterions may assist in the proton transfer step by 
lowering the energy barrier.15b, d, 21, 41, 52 We have also reported on the role of 
hydrogen bonding acceptors in mediating proton transfer in the protodeauration 
stage in gold-catalyzed reactions.27a Clearly, the influence of the counterion in 
proton transfer is significant. 
Scheme 4 Type of gold catalyzed reactions 
 
In both types of gold catalyzed reactions, an alkyne/alkene/allene starting material 
first complexed with a cationic gold catalyst. We expected cationic gold catalysts 
to have relatively weak coordinating counterions (low gold affinity) to promote the 
reaction. Especially in type I reactions, we expected that gold catalysts that 
possess less coordinating counterions (low gold affinity) to have high reactivity. In 
type II reactions, the overall effect of the counterion is subtler: if the 
protodeauration stage is the turnover limiting step then the hydrogen bonding 




deactivation of an active catalyst, we should consider catalyst deactivation when 
we study counterion effects. It should be noted that there are other neutral 
components in the system (e.g., solvent, nucleophile) that also have gold affinity 
and could be good hydrogen bond acceptors. Particularly, when the gold affinity 
or hydrogen bond basicity of the neutral components is higher than the counterion 
itself, the effect of the counterion will be very weak. 
Based on the preceding analyses, we proceeded to investigate counterion effects 
on the kinetics of type I and II reactions. For the type I reaction, we chose the gold 
catalyzed cycloisomerization53 of 1,6-enyne 3-3 as our first model reaction (Table 
3).  It clearly shows a catalyst system that contains a counterion of low gold 
affinity has higher reactivity. Clearly, gold catalysts with counterions with low gold 
affinity (low GAI) showed a faster reaction rate (Table 3). 




basicity index (HBI) 
gold affinity index (GAI) relative initial rate 
OAc- 10 6.1 0.0 
OTf- 3.4 2.4 1.0 
BF4- 5.2 0.5 7.1 
SbF6- 2.8 0 21 
CTf3- 0 0.2 32 




We also investigated other type I reactions. Because in many gold catalyzed 
reactions, catalyst decay is significant, the decay of the catalyst could complicate 
the analysis of counterion effects. For example, the gold(I)-catalyzed 
isomerization of allenyl carbinol ester 3-5 (Figure 17)11, 35 is usually known to be 
accompanied by significant catalyst deactivation. We can see that, at the 
beginning, the reaction rate follows the pattern found in (Table 3), namely, a 
catalyst system containing a counterion with low gold affinity exhibits high 
reactivity. But because the decay of the active catalyst plays an important role in 
this reaction, counterions that are known to promote a fast decay of the active 
catalyst (e.g., BF4-, see Figure 16) behave poorly in the latter stages of the 
reaction, whereas counterions that are known to reduce decay (e.g., NTf2-, see 
Figure 16) behave well in the latter stages of the reaction.  

































In the gold-catalyzed 1,3-transposition of ynones 3-7 (Figure 18),22 a gold catalyst 
system containing a counterion with low gold affinity has high reactivity except for 
BF4-, which could be explained by the faster gold catalyst decay induced by BF4-. 
In another type I reaction, the gold-catalyzed synthesis of pyrroles from alkynyl 
aziridines 3-936 (Figure 19), the reactivity pattern is similar: a catalyst system 
containing a counterion with low gold affinity exhibits high reactivity, but because 
of the fast decay caused by BF4- there was no reaction when BF4- was used as 
counterion.  
Figure 18. Counterion effects in 1,3-transposition of ynones reaction. 
 
 


































Figure 19. Counterion effects in  alkynyl aziridines rearrangement.  
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To summarize, highly non-coordinating counterions will exhibit the highest 
reactivity in reactions that do not involve an active proton transfer, but this process 
may be complicated if the counterion is prone to promote catalyst deactivation, a 
process which is not yet well understood.  
For the type II reaction, we started with a well-studied reaction—the cyclization of 
propargyl amide 3-11. In this reaction, stage II (protodeauration of Au-1) is known 
to be the rate determining step11,31, 54 because of the positive charge of the 
intermediate. We also know that hydrogen bonding acceptors like pyridine N-
oxide can significantly speed up this reaction.27a Here we found that gold catalysts 
with counterions with high hydrogen bonding basicity exhibit high reactivity if the 




Table 4. Counterion effect in cyclization of propargyl amide. 
 
X- 
hydrogen bonding basicity 
index (HBI) 
gold affinity index (GAI) relative initial rate 
OAc- 10 6.1 0.0 
OTf- 3.4 2.4 5.1 
BF4- 5.2 0.5 1.8 
NTf2- 1.0 2.9 0.9 
SbF6- 2.8 0 1.0 
CTf3- 0 0.2 1.0 
Then we studied the cyclization of alkynyl acid 3-13 (Figure 20) and the addition 
of methanol or water to alkynes 3-15 (Figure 21). We found the same trends 
shown in Table 4. The reaction rate with BF4- was slower than expected, this 
could be explained by the relatively fast catalyst decay. We also found a similar 
outcome in the cyclization of allenyl alcohol 3-17 (Table 5).14 In these reactions, 
the hydrogen bonding interactions between counterions and active protons (e.g. 
protons in Au-1, Au-2, Au-3) are important to determine the reactivity.  
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Figure 21. Counterion effect in addition of methanol to alkynes. 
 





































hydrogen bonding basicity 
index (HBI) 
gold affinity index (GAI) yield 
OTf- 3.4 2.4 91% 
NTf2- 1.0 2.9 40% 
CTf3- 0 0.2 29% 
 
If a reaction is conducted in high dielectric constant solvents (e.g. MeOH, 
acetonitrile, water), ions will be relatively more solvated and may be even fully 
dissociated, so the counterions will be relatively far away from gold center. In this 
case, the counterion effect is expected to be weak. Also, in high dielectric 
constant solvents, electrostatic interaction is significantly weakened according to 
Coulomb’s law (electrostatic force is inversely proportional to the dielectric 
constant). Therefore, the influence of the counterion on the kinetics should be 
significantly lower in high electric constant solvents. This has been observed in 
the oxygen transfer reaction reported by Zhang and co-workers (Figure 22),55 
where a high dielectric constant solvent - CH3CN is the reactant and also the 
solvent. The counterions seem to play a very small role in the kinetics of the 
reaction (Figure 22); this observation is consistent with our earlier analysis. Very 




(Table 6), in which high dielectric constant solvents like methanol and acetone 
were used.  





































basicity index (HBI) 
gold affinity index 
(GAI) 
relative initial rate 
Rxn a Rxn b 
OTf- 3.4 1.0 1.3 1.0 
BF4- 5.2 0.5 0.6 - 
NTf2- 1.0 2.9 1.3 1.1 
SbF6- 2.8 0 1.0 0.8 
CTf3- 0 0.2 1.1 1.1 
 
Our indexes can also be used to rationalize the regioselectivity results found in 
the literature. For example, counterions play a key role in the synthesis of 
disubstituted pyrrole 3-24 (Scheme 5a).36 A gold catalyst with a OTs- counterion 
promotes a 1,2-H-shift (or proton shuttling) product 3-25a, whereas a gold catalyst 
with OTf- promotes a 1,2-Ph-shift product 3-25b. This experimental outcome can 
be easily rationalized using our higher hydrogen basicity index (OTs- = 4.3 vs OTf- 
= 3.4) since OTf- is much less to mediate the proton transfer than OTs-. Similarly, 
in the regio-divergent behavior of counterions during the gold promoted synthesis 
of bromofuran 3-27 (Scheme 5b),56 a gold catalyst with a OTf- counterion 
promotes the 1,2-H-shift (or proton shuttling) product 3-27a, whereas a gold 
catalyst with a SbF6- counterion furnishes the 1,2-Br-shift product 3-27b. Again, 
these results can be easily rationalized by the higher hydrogen basicity of OTf- 
(HBI = 3.4) vs SbF6- (HBI = 2.8). As a result, OTf- shows a stronger ability to 






Scheme 5. Literature examples where the effect of counterions on regioselectivity 
can be rationalized 
 
Our model is not only limited to cationic gold catalysis. In principle, it could be 
applied to cationic transition metal catalysis in general. Indeed, we found many 
isolated literature observations of transition cationic metal catalyzed reactions that 
can be rationalized with our model. For example, there are many cationic metal 
catalyzed reactions that do not involve an active proton. Although quantitative 




that larger counterions (i.e., lower affinity towards the metal) give faster reaction 
rates. Selected examples include the copper catalyzed Diels-Alder reaction 
depicted in Scheme 6a,57 the palladium catalyzed CO/styrene copolymerization in 
Scheme 6b,58 the rhodium catalyzed additions of boronic acid to an aldehyde in 
Scheme 6c,59 the iridium catalyzed hydrogenation of alkenes in Scheme 6d,60 In 
all these cases, the catalyst with the weaker coordinating counterion exhibits the 
higher reactivity.  
Scheme 6. Selected literature examples showing counterion effects in cationic 
metal catalysis. 
 
Our model is not just limited to cationic metal catalysis. Again, it could be applied 




active proton is often involved (e.g., the enammonium intermediate).  Examining 
the MacMillan imidazolidinone catalyzed Michael addition (Table 7),61 catalysts 
with high hydrogen bonding basicity showed higher reaction rates, as expected. 
Of course, if the counterion is too basic (e.g., acetate), the reaction can’t proceed 
because both, formation of enamine and the regeneration of the secondary amine 
catalyst, need an acidic environment.38  



















hydrogen bonding basicity 
index (HBI) 
brønsted Basicity (pKaH) relative initial rate 
OTf- 3.4 -14 0 
Br- 4.1 -9 1.0 
BF4- 5.2 < -14 5.8 
Cl- 6.5 -8 19.4 
OAc- 10 4.7 0 
 
3.3. Conclusion 
In summary, we have found that gold affinity (quantified by our so-called gold 
affinity index) and hydrogen bonding basicity of counterions play critical roles in 




limited to gold catalysis but may also provide guidance in transition metal catalysis 
in general. 
3.4. Experimental 
3.4.1. General  
1H and 13C NMR spectra were recorded at 400 and 100 MHz respectively, using 
CDCl3, CD2Cl2, d-THF as a solvent. The chemical shifts are reported in  (ppm) 
values relative to CH2Cl2 (for 1H NMR and  54.2 ppm for 13C NMR), 
multiplicities are indicated by s (singlet), d (doublet), t (triplet), q (quartet), p 
(pentet), h (hextet), m (multiplet) and br (broad). Coupling constants, J, are 
reported in Hertz. All air and/or moisture sensitive reactions were carried out 
under argon atmosphere.  
Solvents (tetrahydrofuran, ether, dichloromethane and DMF) were chemically 
dried using a commercial solvent purification system. All other reagents and 
solvents were employed without further purification. The products were purified 
using a CombiFlash system or a regular glass column. TLC was developed on 
Merck silica gel 60 F254 aluminum sheets. KCTf3 was purchased from Synquest 
Labs, Ag+[Al[(CF3)3C-O)]4]- was purchased from IoLiTec. All NMR solvents were 
from Cambridge Isotope Laboratories, Inc. All other chemicals like catalysts and 
ligands were purchased from Aldrich, Alfa Aesar or Strem. 
3.4.2. General procedure for kinetic measurements 
In some cases, 1,3,5-tri-tert-butylbenzene (internal standard) was used. The 
reactions were monitored with 1H NMR (single pulse or 1 scan for fast reactions, 8 




NMR experiment array (a series of spectra measured at predetermined time 
intervals over a period by adjusting the pre-acquisition delay). NMR experiment 
array gives better precision for both concentration (via integration) and reaction 
time, because each measurement is conducted at almost identical shimming and 
temperature conditions. 
3.4.3. Synthesis of starting materials 
3.4.3.1 Synthesis of JohnPhosAuCl  
JohnPhosAuCl were synthesized using a slightly modified version of a literature 
method.33 Sodium tetrachloroaurate(III) dihydrate (1 mmol) was dissolved in water, 
and the orange solution was cooled in ice. To this solution, 2,2’-thiodiethanol (3 
mmol) was slowly added (ca. 45 min) with stirring. A solution of the Johnphos 
ligand (1 mmol) in EtOH (if the ligand could not be dissolved, more EtOH was 
used) was added dropwise to yield a white solid. The solid was filtered off, 
washed with water followed by EtOH, and ultimately dried in vacuum. 
3.4.3.2. Synthesis of Tris(1,1,1-trifluoromethanesulfonyl)methyl silver(I) 
In the suspension of water with silver carbonate (1.38 g, 5 mmol), 
tris[(trifluoromethyl)sulfonyl]methane (2.06 g, 5 mmol) was slowly added into the 
flask. After vigorous stirring for 2 hours, the product was collected by filtration and 
washed with water. Trace amount of water was removed by high vacuum. 
3.4.3.3 Preparation of JohnPhosAuCl stock solution in CD2Cl2 or CDCl3 
The desired amount of L-AuCl was dissolved in corresponding amount of CD2Cl2 




3.4.3.4. Synthesis and preparation of starting material stock solution 
All reaction starting materials were synthesized according to related reference 
paper.34-37 The starting materials were then used for the preparation of 0.1 M or 
0.2 M stock solution in CD2Cl2. 
3.4.3.5. Preparation of cationic gold stock solution (using JohnPhosAu+OTf- as 
example) 
Standard stock solutions of cationic gold catalyst were made when it was needed 
and were usually used in the same day. Weighing the L-Au(I)Cl complex into a 
vial and adding corresponding CDCl3 or CD2Cl2, then 1.5 equiv of AgOTf was 
added and the vial was sonicated for 3 min at 0-5 oC.  The vial was centrifuged, 
and the clear solution was transferred to a clean glass vial with a screw cap. The 
solution was kept in freezer (-20 oC) until it was used.  
3.4.3.6 Preparation of stock solution of organocatalyst  
 
Stock solution (0.02 M) of MacMillan imidazolidinone organocatalyst with 1.5 
equivalent NaBARF were made by weighting into a vial using tetrahydrofuran-d8 
as solvent. Sonication of mixed solution followed by filtration gave the standard 
stock solution. The solution was kept in the freezer (-20oC) until it was needed. 
3.4.4. Gold affinity index and hydrogen bond basicity index 
3.4.4.1. Gold affinity index 
The affinity of the counterion towards cationic gold will depends on the size and 
charge distribution of the counterion. However, comprehensive data about 




literature.15d We used calculated gold-counterion dissociation energies to describe 
the bonding affinity.49 In our calculations, among common counterions, iodide (I-) 
is the strongest cationic gold binder and SbF6- is the weakest counterion. For 
convenience, we set up the gold affinity index of counterions (GAI) by assign GAI 
(I-) = 10 and GAI (SbF6-) = 0.  
Table 8. Theoretical calculation with 6-31g(d,p) basis set for counterions’ gold 
affinity 
 








(CH3)3P-Au-Cl -1056.8614 -596.37051 -460.252233 149.756893 35.7 
(CH3)3P-Au-BF4 -1021.05620 -596.37051 -424.499070 117.1071712 3.0 
(CH3)3P-Au-OAc -825.118334 -596.37051 -228.502196 154.1317672 40.0 
(CH3)3P-Au-OTs -1491.40671 -596.37051 -894.843036 121.2105219 7.1 
(CH3)3P-Au-OTf -1558.05031 -596.37051 -961.497992 114.0882206 0.0 
(CH3)3P-Au-NTf2 -2423.74433 -596.37051 -1827.2053 105.7191825 -8.4 
(CH3)3P-Au-BArf4 -4244.34786 -596.37051 -3647.87706 62.92638905 -51.2 
(CH3)3P-Au-CTf3 -3293.23402 -596.37051 -2696.72686 85.74390767 -28.3 
(CH3)3P-Au-SbF6 -7511.44834 -596.37051 -6914.90698 107.2090795 -6.9 
The energies are in a.u. (atomic unit), expect otherwise stated. Theoretical calculation using B3LYP hybrid functional and 






Table 9. Theoretical calculation with 6-311++g(d,p) basis set for counterions’ gold 
affinity 
 








(CH3)3P-Au-Cl -1056.95382 -596.4274 -460.303727 139.7375664 31.8 
(CH3)3P-Au-BF4 -1021.2671 -596.4274 -424.679694 100.3979604 -7.6 
(CH3)3P-Au-OAc -825.25087 -596.4274 -228.602486 138.6677246 30.7 
(CH3)3P-Au-OTs -1491.6313 -596.42741 -895.014544 118.8697841 10.9 
(CH3)3P-Au-OTf -1558.3299 -596.4274 -961.730409 107.9829248 0.0 
(CH3)3P-Au-NTf2 -2424.2063 -596.4274 -1827.6104 105.7264616 -2.3 
(CH3)3P-Au-BArf4 *     
(CH3)3P-Au-CTf3 -3293.8742 -596.4274 -2697.30552 88.66346069 -19.3 
(CH3)3P-Au-SbF6 -7511.7278 -596.4274 -6915.15966 88.321907 -19.7 
The energies are in a.u. (atomic unit), except the relative energy which is in kcal mol-1. Theoretical calculation using 
B3LYP hybrid functional and Lanl2DZ with pseudo potential for Au, an all electron QZP basis set for Sb and 6-












Table 10. Theoretical calculation with 6-311++g(d,p) basis set including solvent 
effect for counterions’ gold affinity 








(CH3)3P-Au-Cl -1056.981007 -596.522897 -460.4002443 36.31124266 12.9 
(CH3)3P-Au-BF4 -1021.311095 -596.522897 -424.7642585 15.02208739 -8.4 
(CH3)3P-Au-OAc -825.2776554 -596.522897 -228.690414 40.37675444 16.9 
(CH3)3P-Au-OTs -1491.672795 -596.522897 -895.1018309 30.16258592 6.7 
(CH3)3P-Au-OTf -1558.361856 -596.522897 -961.8016013 23.44276958 0.0 
(CH3)3P-Au-NTf2 -2424.233873 -596.522897 -1827.669696 25.90398931 2.5 
(CH3)3P-Au-BArf4    Not converge  
(CH3)3P-Au-CTf3 -3293.904531 -596.522897 -2697.359714 13.7548937 -9.7 
(CH3)3P-Au-SbF6 -7511.773802 -596.522897 -6915.230429 12.8484555 -10.6 
The energies are in a.u. (atomic unit), except the relative energy which is in kcal mol-1. Theoretical calculation using 
B3LYP hybrid functional and Lanl2DZ with pseudo potential for Au, an all electron QZP basis set for Sb and 6-
311++g(d,p) for remains atoms, solvent effect was included using SMD model for DCM 
3.4.4.2. Hydrogen bond basicity index 
Because the measurement of pKBHX is based on the complexation of a hydrogen 
bond acceptor with a substituted phenol.43 We calculated the H-bonding bonding 
energies of phenol with various anions, and these energies correlated very well 
with the experimental pKBHX of the corresponding n-Bu4N+ salts.43 In our 
calculations, acetate (OAc-) is the strongest hydrogen bonding acceptor and CTf3- 




counterions (HBI) by assigning HBI (OAc-) = 10 and HBI (CTf3-) = 0. In this scale, 
HBI of strong bases as OH- will be greater than 10.  
Table 11. Theoretical calculation using B3LYP hybrid functional for hydrogen 
bonding energies.  





OAc- -307.464905 -228.497887 -536.019828 149.7 
TsO- -307.464905 -894.832407 -1202.332758 93.1 
TFA- -307.464905 -526.237588 -833.748981 122.1 
Cl- -307.464905 -460.252232 -767.761034 115.3 
Br- -307.464905 -2573.958562 -2881.458166 91.1 
I- -307.464905 -11.472208 -318.966388 76.9 
OTf- -307.464905 -961.497969 -1268.994838 83.9 
PF6- -307.464905 -940.642767 -1248.138966 82.2 
BF4- -307.464905 -424.499245 -732.003091 102.2 
SbF6- -307.464905 -604.709546 -912.204364 78.5 
CTf3- -307.464905 -2696.727262 -3004.211485 50.7 
NTf2- -307.464905 -1827.205401 -2134.69339 60.6 
The energies are in a.u. (atomic unit), except the relative energy which is in kcal mol-1. 
3.4.5. General procedures for model reactions 





The model reaction was conducted in an NMR tube: 50 µl standard stock solution 
of cationic gold catalyst (JohnPhosAu+X-, 0.01 mol/L) was directly added into 
NMR tube. Then the 1,6-enyne (0.1 mmol, 22 mg) in 0.45 mL CDCl3 was 
transferred into the tube. All reactions were conducted at room temperature and 
the progress of the reaction was monitored by 1H NMR. 
General procedure for isomerization of allenyl carbinol ester: 
 
The model reaction was conducted in an NMR tube. 5 µL standard stock solution 
of cationic gold catalyst (JohnPhosAu+X-, 0.01 mol/L) was directly added into 
NMR tube. Then the allenyl ester (0.05 mmol, 12.5 mg) in 0.495 mL CD2Cl2 was 
transferred into the tube. All reactions were conducted at room temperature and 
the progress of reaction was monitored by 1H NMR. 
General Procedure for ynone rearrangement: 
 
The model reaction was conducted in an NMR tube. For performed reaction, 50 
µL standard stock solution of cationic gold catalyst (IPrAu+X-, 0.02 mol/L) was 
directly added into NMR tube. Then the ynone (0.1 mmol, 20 mg) in 0.45 mL 
CD2Cl2 was transferred into the tube. All reactions were conducted at room 
temperature and the progress of reaction was monitored by 1H NMR.   





The model reaction was conducted in a NMR tube. For preformed reaction, 50 µL 
standard stock solution of cationic gold catalyst (JohnPhosAu-X, 0.02 mol/L) was 
directly added into NMR tube. Then azirindine (0.1 mmol, 37.3 mg) in 0.45 mL 
CD2Cl2 was transferred into the tube. All reactions were conducted at room 
temperature and the progress of reaction was monitored by 1H NMR.   
General procedure for cycloisomerization of propargyl amide: 
 
The model reaction was conducted in an NMR tube. 50 µl standard stock solution 
of cationic gold catalyst (JohnPhosAu+X-, 0.01 mol/L) was directly added into 
NMR tube. Then propargyl amide (0.1 mmol, 15.9 mg) in 0.45 mL CD2Cl2 was 
transferred into tube. All reactions were conducted at room temperature and the 
progress of reaction was monitored by 1H NMR. 
General procedure for intramolecular addition of carbonic acid to alkyne: 
 
The model reaction was conducted in an NMR tube. 20 µL standard stock solution 
of cationic gold catalyst (JohnPhosAu+X-, 0.01 mol/L) was directly added into 
NMR tube. Then 5-hexynoic acid (0.2 mmol, 22.4 mg) in 0.48 mL CD2Cl2 was 
transferred into the tube. All reactions were conducted at room temperature and 




General procedure for the addition of methanol to alkyne: 
 
The model reaction was conducted in an NMR tube. 100 µL standard stock 
solution of cationic gold catalyst (JohnPhosAu+X-, 0.01 mol/L) was directly added 
into NMR tube. 400 µL of 4-octyne (0.1 mmol) and 3 equivalent MeOH solution 
(0.25 mol/L) in CD2Cl2 was transferred into the tube. 
General procedure for intramolecular addition of allenyl alcohol: 
 
The model reaction was conducted in an NMR tube. 25 µL standard stock solution 
of cationic gold catalyst (JohnPhosAu+X-, 0.02 mol/L) was directly added into 
NMR tube. Then the allenyl alcohol (0.1 mmol, 31.6 mg) in 0.475 mL CD2Cl2 was 
transferred into the tube. All reactions were conducted at room temperature and 
the progress of reaction was monitored by 1H NMR. 
General procedure for reactions in high dielectric constant solvents: 
 
Gold catalyzed oxygen transfer. The model reaction was conducted in an NMR 
tube. a) 200 µL standard stock solution of cationic gold catalyst (JohnPhosAu+X, 




mmol, 11.0 mg), 8-Methylquinoline N-oxide (0.13 mmol, 20.7 mg) in 300 µL 
MeCN-d3 was transferred into the tube. 
General procedure for gold catalyzed hydration of alkynes: 
 
a) 40 µL standard stock solution of cationic gold catalyst (L-Au+X-, 0.2 mol/L) was 
directly added into NMR tube. 4-octyne, mixed of 0.025mL deuterated water and 
0.375mL deuterated methanol, was transferred into the tube.  
 b) 100 µL standard stock solution of cationic gold catalyst (L-Au+X-, 0.01 mol/L) 
was directly added into NMR tube. The alkyne, mixed of 0.4 mL deuterated 
acetone and 0.005 mL deuterated water, was transferred into the tube. All 
reactions were conducted at room temperature and the progress of reaction was 
monitored by 1H NMR. 


















The model reaction was conducted in an NMR tube. Ketoaldehyde 3-36 (10.8 mg, 




solution of catalyst and was introduced to an NMR tube. After a short time 
sonification (about 1 min), corresponding hydrogen bonding acceptor (TBA+X-) 
was added into the NMR tube at room temperature, and the mixture was 
sonicated for 1 min. All reactions were kept at room temperature and the progress 
of the reaction was monitored by1 H NMR. 
3.4.6. Spectra for 1H NMR monitoring of model reactions 



























































































4. UTILIZING HYDROGEN BONDING BASICITY 
FOR HF REAGENT DEVELOPMENT 
 
4.1 Introduction 
The growing number of applications of fluorine in pharmaceuticals, agrochemicals 
and materials62 has stimulated wide interest in fluorination methodologies.63 
Because alkenes are one of the most important functionalities, finding a broadly 
applicable alkene hydrofluorination protocol is of fundamental importance in the 
preparation of fluorinated compounds. The direct hydrofluorination of alkenes 
using hydrogen fluoride (HF) reagents is the most straightforward and atom-
economical protocol. Pioneering work by Olah and coworkers accomplished the 
direct hydrofluorination of alkenes using pyridine-HF (Scheme 7a),64 but this 
method only worked for limited functional-free alkenes, such as isobutene and 
cyclohexene, and it required using a large excess of pyridine-HF (as solvent). 
Later, Thibaudeau and coworkers reported an HF-based superacid system 
(HF/SbF5) to prepare β-fluoroamines (Scheme 7b) from allylic amines.63f Despite 
its great importance, the direct and widely applicable hydrofluorination of alkenes 
remains a synthetic challenge. To overcome the narrow scope and other 
limitations of these direct hydrofluorinations, several formal hydrofluorination 
protocols were developed using combinations of electrophilic fluorination 
reagents/reductants mediated by transition metals (Scheme 7c-e). For example, 




via a free-radical mechanism (Scheme 7c).63h Hiroya and coworkers reported a 
cobalt/silane/N-fluoropyridinium system for mono- and α,α’-disubstituted alkenes 
(Scheme 7d).65 Gouverneur and coworkers developed a palladium-catalyzed 
hydrofluorination of aryl alkenes through sequential H- and F+ additions (Scheme 
7e).63g 
Scheme 7. Strategies for the Hydrofluorination of Alkenes.  
 
Although the aforementioned methods solved many problems associated with 




low functional group tolerance caused by using of strong reductants (such as 
NaBH4) and/or strong oxidants (such as Selectfluor). We herein report a metal-
free, alkene hydrofluorination protocol using an easily-handled, liquid HF complex 
that relies on an unprecedented bifunctional HF activation mode and shows 
unmatched scope and functional group tolerance (Scheme 7f). 
While a widely applicable direct alkene hydrofluorination has been hitherto elusive, 
the hydrochlorination or hydrobromination of alkenes are classic textbook 
reactions66 that have found wide applications.67 We conjectured that the 
shortcomings observed in hydrofluorination were caused by the acidity of HF (pKa 
= 3.2)--less than that of HCl (pKa = -8.0) or HBr (pKa = -9.0) --is not strong enough 
to activate functionalized alkenes. Furthermore, HF is a toxic and corrosive gas at 
room temperature, which is why organic bases (or hydrogen bond acceptors) like 
Et3N,22 pyridine64, 68 or DMPU24c are used to complex with HF, condensing it into a 
liquid solution and easing its handling. However, these bases or hydrogen bond 
acceptors reduce the acidity of HF even further. A good hydrogen bond acceptor 
(HBA) is bound to complex with HF and form a liquid solution but common organic 
bases, or neutral H-bond acceptors, reduce the acidity of the system. To address 
this acidity/HF condensation conundrum, we proposed a multi-functional 
activation strategy capable of generating a liquid phase HF reagent that features 
both high acidity and high fluoride nucleophilicity. Toward this end, we looked for 
a highly ‘acidic’ hydrogen bond acceptor and chose an inexpensive and readily 






Scheme 8. Bifunctional activation strategy for hydrofluorination of alkenes. 
 
The bisulfate anion exhibits a bifunctional behavior: its -OH terminus is strongly 
acidic (pKa = 1.9) and its ionic -O- K+ terminus is a strong hydrogen bond acceptor. 
Thus, KHSO4 can form a hydrogen bond network with multiple molecules of HF. 
This hydrogen bonding interaction achieves two aims: i) it liquifies gaseous HF 
and forms a stable liquid at room temperature; ii) it enhances the nucleophilicity of 
HF.69 Specifically, in the hydrofluorination of alkenes (Scheme 8b), we believe that 
the acid terminus activates the alkene substrate while the H-bond acceptor 




thereby accomplishing high acidity/high nucleophilicity and HF condensation 
simultaneously.  
4.2 Results and discussion 
We found that KHSO4 formed a stable liquid at room temperature with 
unexpectedly large amounts of HF (up to 13 molecules of HF per molecule of 
KHSO4). This HF mole content is higher than that of any commercial reagents, 
including Olah’s reagent (pyridine-9HF) and our previously reported DMPU-
12HF.24c The high HF affinity of KHSO4 could be rationalized using Hunter and 
coworkers’ recently reported H-bond scale (parameter β).70 In this scale, the 
hydrogen bonding basicities of anionic species were found to be significantly 
higher than those of neutral organic HBAs (Scheme 8c). Hydrogen bond basicity 
(measured by β) of HSO4- is comparable to the best neutral HBA, such as R3PO, 
and is higher than that of DMPU.9a, b, 9d-f, 24, 71 An additional advantage of KHSO4 is 
its low cost, ready availability and easy removal in aqueous work-up. So, we 
consider MHSO4-HF (M = alkali metals or ammonium) as the ideal next 
generation nucleophilic fluorination reagent. Indeed, KHSO4-HF is stable and can 
be easily handled at room temperature (see experimental section for more 
information). Because KHSO4 itself is a strong acid, and the acidity can be further 
enhanced by HF hydrogen network (Scheme 8a), compared to other common HF 
complexes, which are based on non-acidic or even basic H-bond acceptors such 
as DMPU and pyridine, the MHSO4-HF system should have the highest acidity 
and is more suitable for acid catalyzed processes (Scheme 8d).   
We used the hydrofluorination of alkene 4-1a as our model reaction (Table 12). As 




The more acidic DMPU-12HF (HF 65 wt/wt%) reagent gave only trace amounts of 
hydrofluorination product 4-2a (Table 12, entry 2). To our great satisfaction, our 
new nucleophilic fluorination reagent-- KHSO4-13HF (HF 68 wt/wt%)--produced 4-
2a, albeit in moderate yield (Table 12, entry 3). The K2SO4-14HF complex (Table 
12, entry 4) was less effective: a larger excess of HF was present and an 
extended reaction time was needed. This result underscored the importance of 
our bifunctional activation strategy. The yield of the product was improved using 
1,2 –dichloroethane (DCE) as solvent (Table 12, entry 5). We also prepared an 
HF complex with lower HF content (KHSO4-8HF), but its reaction was slower 
compared with KHSO4-13HF (Table 12, entry 6). The HF complex of another 
bifunctional salt, KH2PO4, was also investigated but it gave no conversion (Table 
12, entry 7). This result demonstrated that the acidic terminus of KHSO4 plays a 
crucial role in the addition of HF. Of all the solvents screened (Table 12, entries 8-
13) toluene and DCE showed similar satisfactory results, but we selected DCE 
because of improved substrate solubility. The reaction in other solvents did not 
give a good conversion even after extended reaction times. Extending the 













Table 12. Reaction Condition Optimization of Hydrofluorination of Alkenes. 
 
entry solvent HF complex  
(A-xHF) 
conditions 4-1a / 4-2a (%)a 
1 DCM Pyridine-9HF 0 oC - rt, 0.5 h 100 / 0 
2 DCM DMPU-12HF 0 oC - rt, 0.5 h 96 / 4 
3 DCM KHSO4-13HF 0 oC - rt, 0.5 h 57 / 43 
4 DCM K2SO4-14HF 0 oC - rt, 18 h 84 / 16 
5 DCE KHSO4-13HF 0 oC - rt, 0.5 h 29 / 71 
6 DCE KHSO4-8HF 0 oC - rt, 0.5 h 58 / 32 
7 DCE KH2PO4-9HF 0 oC - rt, 0.5 h 100 / 0 
8 dioxane KHSO4-13HF 0 oC - rt, 0.5 h 100 / 0 
9 Et2O KHSO4-13HF 0 oC - rt, 0.5 h 100 / 0 
10 CH3CN KHSO4-13HF 0 oC - rt, 0.5 h 100 / 0 
11 EtOAc KHSO4-13HF 0 oC - rt, 0.5 h 100 / 0 
12 DMSO KHSO4-13HF 0 oC - rt, 0.5 h 100 / 0 
13 DMF KHSO4-13HF 0 oC - rt, 0.5 h 100 / 0 
14 toluene KHSO4-13HF 0 oC - rt, 0.5 h 26 / 74 
15 DCE KHSO4-13HF 0 oC - rt, 2 h 3 / 83 
Reaction conditions: 1 (0.2 mmol), HF complex (1 equiv based on the complex A-xHF, equivalents of HF are x), solvent 
(0.2 mL), 0 oC to rt. aGC-MS yield. 
After establishing the optimal conditions for the hydrofluorination of alkenes, we 
explored the scope of this protocol. First, we investigated the fluorination of mono-




groups such as esters (4-2a, 4-2b), sulfonate (4-2c), amides (4-2d, 4-2e, 4-2f), 
ethers (4-2g, 4-2h, 4-2i, 4-2j), nitro (4-2g), nitrile (4-2i), aldehyde (4-2j) and amine 
(4-2h) alkyne (4-2r, 4-2s) were well tolerated. Also, alkenes with various 
heterocycles such as quinoline (4-2k), furan (4-2l), thiophene (4-2m), pyrrole (4-
2n) and thiazole (4-2o) also gave good to excellent yields. 
Table 13. Hydrofluorination of monosubstituted alkenes. 
 
When this protocol was applied to more reactive disubstituted alkenes, we needed 




KHSO4-13HF (conditions B) (Table 14). Other heterocyclic substrates like 
pyridines (4-2u, 4-2v), indazoles (4-2w, 4-2x) and benzotriazoles (4-2y, 4-2z) 
were tested and acceptable to good yields were observed. 1.5 equivalents of 
KHSO4-13HF was needed for the full reaction conversion. This can be explained 
that protonation of the basic functionality of these substrates will neutralize the 
acidity of the system and therefore more KHSO4-HF was needed to compensate. 
Because disubstituted alkenes are commonly found in natural products, we 
screened natural products featuring various functionalities. We find that a natural 
product with a secondary alcohol, such as (-)-dihydrocarveol, tolerated the acidic 
reaction conditions and gave a moderate yield of the product (Table 14, 4-2aa). 
Nootkatone, possessing an  unsaturated ketone moiety, and perillic acid, 
exhibiting a carboxylic acid moiety, also gave products 4-2ab and 4-2ac, 
respectively, in good yields. Similarly, 1,2-disubstituted substrates gave the 

















Table 14. Hydrofluorination of disubstituted alkenes. 
 
The reaction with KHSO4-13HF reagent was also investigated with the more 
reactive trisubstituted alkenes (Table 15). The reaction concentration needed to 
be diluted further to 0.2 M to avoid the decomposition of the products (conditions 
C). The reaction of geranyl benzoate showed good chemoselectivity, with the 
more electron rich double bond participating in the hydrofluorination (4-2ah). We 
found that the cyclopropane motif remained intact after the reaction with ethyl 
chrysanthemate (4-2ai). Reaction with (-)-β-citronellol, which bears a primary 








Table 15. Hydrofluorination of Trisubstituted Alkenes 
 
It is worth noting that our reagent exhibited very high and predictable 
chemoselectivity. In general, electron rich double bonds were more reactive (see 
4-2ab, 4-2ac, 4-2ad in Table 16. Dienes 4-1p, 4-1q and 4-1ah, whose two double 
bonds are located in very similar environments, underwent hydrofluorination 
selectively (Table 16). We calculated the HOMO of the starting alkenes and found 
that it correctly predicted the chemoselectivity in each case.  The hydrofluorination 














Table 16. Chemoselectivity of the HF reagent. 
 
This reagent was employed in a gram-scale hydrofluorination of (-)-β-citronellol. 
As shown in eq 1, 1.02 g of the fluorinated product 4-2aj was obtained (83% yield). 
It also showed good reactivity in the Prins reaction24a (eq 2) and the fluorination of 






In summary, we have developed a new generation HF reagent that is not only 
inexpensive and easily handled but is also highly efficient for the hydrofluorination 
of various highly functionalized alkenes. The excellent functional group tolerance, 
exclusively Markovnikov regioselectivity, and high atom economy may facilitate 
the preparation of other fluorinated products at both the lab and industrial scale. 
Work on further applications for this new HF reagent is currently underway in our 
laboratory. For example, the reagent is a high activity fluorinating agent that can 
be recycled after regeneration by HF itself or HF generated at the time of use by 
other means, thereby minimizing HF storage. The reagent is an inherently safer 
means of storing HF and the bifunctional salts can be used as HF sequestering 
agents in an emergency. The reagent may also be a safer and easier-to-handle 





4.4.1.  General 
1H NMR and 13C NMR spectra were recorded at 400 MHz and 100 MHz 
respectively, using CDCl3 as a solvent. The chemical shifts are reported in  (ppm) 
values relative to CHCl3 ( 7.26 ppm for 1H NMR), multiplicities are indicated by s 
(singlet), d (doublet), t (triplet), q (quartet), p (pentet), h (hextet), m (multiplet) and 
br (broad). Coupling constants, J, are reported in Hertz.  
Solvents like DCM, Et2O, Toluene, DMF were chemically dried using a 
commercial solvent purification system. Other solvents like DCE, dioxane, EtOAc 
and DMSO were dried with activated 4 Å molecular sieves overnight. Anhydrous 
hydrogen fluoride gas cylinder was purchased from Synquest Laboratories Inc. 
KHSO4 and K2SO4 were from Aldrich. DMPU-HF was freshly prepared by our lab 
and Py-HF was purchased form Alfa Aesar.  All other reagents and solvents were 
employed without further purification. The products were purified using a 
CombiFlash system. TLC was developed on Merck silica gel 60 F254 aluminum 
sheets and KMnO4 stain was used for TLC developing.  KMnO4 stain was 
prepared by dissolving 1.5 g of KMnO4, 10 g K2CO3, and 1.25 mL 10% NaOH in 
200 mL water. All NMR solvents were purchased from Cambridge Isotope 
Laboratories, Inc. 
Most of the substrates in the reactions were purchased or synthesized according 





4.4.2.  Preparation of KHSO4 - HF complex 
KHSO4 (2.93 g) was added into a long Teflon tube which was cooled to 0 oC. HF 
(5.71 g) gas was then condensed into the Teflon tube under stirring. The obtained 
liquid was stored in a 30 mL HDPE bottle with a screw cap. It is bench stable, but 
for long term storage, it was stored in a 4 oC refrigerator.  
K2SO4 - 14HF was prepared with the same way. 
Figure 23. Fresh KHSO4-13HF and KHSO4-14HF. 
 
Note: We have made many batches of HF reagents, some of them were stored at 
4 oC, and some were kept on the bench for several months. We did not find 
reactivity differences between them. 
At room temperature, we did not detect noticeable HF loss in a capped 
polypropylene container over weeks. To investigate the stability and safety profile 
of reagents in open air and higher temperature, we conducted HF loss experiment 
in open air at 50 oC and room temperature in a well-vented fume hood. 
Approximately 1 gram of KHSO4-HF complex (HF 68% w/w) was added to 8 mL 






Figure 24. Loss of HF in open air at 50 oC and room temperature. 
 
 
4.4.3.  Preparation of alkene substrates  
Synthesized alkene substrates 4-1 (these substrates were synthesized and 

















Figure 26. Alkene substrates from commercial sources. 
 
General synthetic procedure for ester 4-1a, 4-1b, 4-1m, 4-1r, 4-1x, 4-1z. 
 
A 20-mL vial fitted with a stirring bar was charged with alcohol (2 mmol), Et3N (2 
equiv) and dry DCM (10 mL). The mixture was cooled down to 0 oC and benzoyl 
chloride (1.2 equiv) and 5 mg DMAP was then added sequentially. The mixture 
was stirred overnight and then was diluted with 50 mL DCM, washed with 1M 
aqueous HCl (2 x 20 mL), saturated NaHCO3 (20 mL), brine (20 mL) sequentially. 
The organic layer was then dried with Na2SO4 and concentrated. The residue was 
purified with column chromatography to afford the desired ester. 







A 50-mL flask fitted with a stirring bar was charged with a solution of phenol (or 
CH3NHTs, 2 mmol) and K2CO3 (1.5 equiv) in CH3CN (15 mL), 4-bromo-1-butene 
was then added and the mixture was refluxed for 5 h. It was then cooled to rt and 
the solvent was removed in vacuo. The residue was concentrated and then 
partitioned between CH2Cl2 and water. The aqueous layer was extracted with 
CH2Cl2 (2 x 25 mL). The combined organic extracts were washed with water (2 x 
20 mL), dried and concentrated in vacuo. The resulting residue was purified by 
silica gel flash chromatography to afford the desired ethers or tosylamides. 
General synthetic procedure for 4-1d, 4-1f, 4-1k, 4-1n, 4-1o, 4-1w, 4-1x, 4-1y, 
4-1z. 
 
A 10-mL microwave tube fitted with a stirring bar was charged with a solution 
of potassium phthalimide (1.5 mmol), mesylate (1 equiv) in CH3CN (2 mL). The 
mixture was stirred under microwave at 90 oC and hold for 30 mins.  The reaction 






A 10-mL microwave tube fitted with a stirring bar was charged with a solution 
of acid starting material (1.5 mmol), K2CO3 (1.5 equiv), mesylate (1 equiv) in 
CH3CN (2 mL). The mixture was stirred under microwave at 90 oC and hold for 30 
mins.  The reaction was concentrated and purified directly by silica gel flash 
chromatography to afford 4-1n, 4-1o. 
 
A 50-mL flask fitted with a stirring bar was charged with a solution of amide (2 
mmol) in DMF (10 mL). The mixture was cooled down to oC and was added NaH 
(1.5 equiv).  Mesylate was then added and the mixture was stirred at rt for 1h. The 
reaction was quenched by 1M of NH4Cl solution and diluted with CH2Cl2 (50 mL). 
After being washed with 5% LiCl aqueous solution (2 x 20 mL) and the aqueous 
layer was extracted with CH2Cl2 (20 mL). The combined organic extracts were 




residue was purified by silica gel flash chromatography to afford 4-1f, 4-1k, 4-1w, 
4-1x, 4-1y, 4-1z. 
General synthetic procedure for ester 4-1l, 4-1p 
 
A 50-mL flask fitted with a stirring bar was charged with a solution of alcohol (2 
mmol), EDCI (1.2 equiv), triethylamine (1.5 equiv), and DMAP (0.1 equiv) in 
dichloromethane (10 mL). 4-Pentenoic acid (1equiv) was then added at 0 °C and 
the reaction mixture was stirred overnight at room temperature. After the reaction 
was complete, the resulting mixture was diluted with 50 mL DCM, washed by 1 N 
HCl (2 x 20 mL), 1 N aqueous NaHCO3 (2 x 20 mL), and brine (1 x 20 mL). The 
organic layer was dried (Na2SO4) and evaporated in vacuo. The result residue 
was purified by column chromatography to afford the desired ester 4-1l, 4-1p, 4-1r, 
4-1u, 4-1v. 
4.4.4.  General procedure for hydrofluorination 
4.4.4.1. Hydrofluorination of mono-substituted alkenes. 
 
Conditions A. An 8-mL PTFE vial fitted with a stirring bar was charged with dry 
DCE (0.2 mL) and alkene starting material (0.2 mmol). The mixture was cooled 




then added in one portion at room temperature. The progress of reaction was 
monitored by TLC (visualized by KMnO4 stain). Product usually shows a little 
higher polarity than the starting material on TLC (Rf difference < 0.1 in most 
cases). The reaction was then cooled down to 0 oC and quenched by CaCO3. The 
resulting mixture was then stirred at room temperature and filtered through 
kieselguhr and washed with ethyl acetate. The filtrate was concentrated, and the 
residue was purified with flash chromatography. 
 
1H NMR (400 MHz, CDCl3) δ 8.38 – 8.26 (m, 2H), 8.25 – 8.19 (m, 2H), 4.74 (dm, J 
= 48Hz, 1H), 4.48 – 4.36 (m, 2H), 1.95 (m, 2H), 1.84 – 1.64 (m, 2H), 1.38 (dd, J = 
23.8, 6.2 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 164.62, 150.51, 135.61, 130.64, 
123.52, 91.09, 89.44, 65.56, 33.45, 33.24, 24.48, 24.43, 21.09, 20.86. 19F NMR 
(376 MHz, CDCl3) δ -173.50 – -173.98 (m, 1F). HRMS: (ESI+) [M+H] cal. for 
C12H15FNO4: 256.0985; found:256.1981. 
 
1H NMR (400 MHz, CDCl3) δ 8.03 (d, J = 7.4 Hz, 2H), 7.55 (t, J = 7.4 Hz, 1H), 
7.43 (t, J = 7.7 Hz, 2H), 4.84 – 4.58 (dm, J = 48 Hz, 1H), 4.44 – 4.26 (m, 2H), 2.04 
– 1.61 (m, 4H), 1.35 (dd, J = 23.9, 6.2 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 




24.51, 21.11, 20.88. 19F NMR (376 MHz, CDCl3) δ -173.27 – -173.78 (m, 1F). 
HRMS: (ESI+) [M+H] cal. for C12H16FO2: 211.1134; found:211.1125. 
 
1H NMR (400 MHz, CDCl3) δ 4.79 – 4.56 (dm, J = 52.0 Hz, 1H), 4.33 – 4.17 (m, 
2H), 3.00 (s, 3H), 2.00 – 1.63 (m, 4H), 1.34 (dd, J = 23.9, 6.2 Hz, 3H). 13C NMR 
(100 MHz, CDCl3) δ 91.01, 89.36, 69.60, 37.35, 32.83, 32.62, 25.07, 25.03, 21.07, 
20.84. 19F NMR (376 MHz, CDCl3) δ -174.16 (m, 1F). HRMS: (ESI+) [M+NH4] cal. 
for C6H17FNO3S: 202.0908; found:202.0904. 
 
1H NMR (400 MHz, CDCl3) δ 7.82 (dd, J = 5.4, 3.2 Hz, 2H), 7.69 (dd, J = 5.4, 3.2 
Hz, 2H), 4.83 – 4.50 (dm, J = 48 Hz, 1H), 3.80 – 3.61 (m, 2H), 1.94 – 1.42 (m, 4H), 
1.29 (dd, J = 23.9, 6.2 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 168.37, 133.91, 
132.03, 123.19, 91.08, 89.43, 37.60, 34.13, 33.92, 24.38, 24.34, 21.03, 20.81. 19F 
NMR (376 MHz, CDCl3) δ -173.00 – -173.50 (m, 1F). HRMS: (ESI+) [M+H] cal. for 
C13H15FNO2: 236.1087; found: 236.1076. 
 
1H NMR (400 MHz, CDCl3) δ 7.65 (d, J = 8.0 Hz, 2H), 7.30 (d, J = 8.0 Hz, 2H), 




1.81 (m, 2H), 1.34 (dd, J = 24.0, 6.2 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 
143.38, 134.22, 129.66, 127.39, 89.20, 87.56, 46.71, 46.66, 35.60, 35.39, 35.35, 
21.47, 21.05, 20.82. 19F NMR (376 MHz, CDCl3) δ -175.08 – -175.64 (m, 1F). 
HRMS: (ESI+) [M+H] cal. for C12H19FNO2S: 260.1121; found: 260.1109. 
 
1H NMR (400 MHz, CDCl3) δ 4.68 (dm, J = 49.0 Hz, 1H), 3.22 – 3.07 (m, 2H), 
2.83 (s, 3H), 2.77 (s, 3H), 1.81 – 1.59 (m, 4H), 1.32 (dd, J = 23.9, 6.2 Hz, 3H). 13C 
NMR (100 MHz, CDCl3) δ 91.20, 89.55, 49.57, 35.22, 34.42, 33.66, 33.45, 23.38, 
23.34, 21.15, 20.92. 19F NMR (376 MHz, CDCl3) δ -173.69 – -174.22 (m, 1F). 
HRMS: (ESI+) [M+H] cal. for C7H17FNO2S: 198.0964; found: 198.0955. 
 
1H NMR (400 MHz, CDCl3) δ 8.35 – 8.12 (m, 2H), 7.00 – 6.86 (m, 2H), 5.05 – 4.77 
(dm, J = 48 Hz, 1H), 4.30 – 4.04 (m, 2H), 2.18 – 1.96 (m, 2H), 1.41 (dd, J = 24.0, 
6.2 Hz, 3H). 13C NMR (100 MHz, CDCl3) 163.76, 141.52, 125.91, 114.37, 88.30, 
86.65, 64.64, 64.60, 36.44, 36.24, 21.24, 21.02. 19F NMR (376 MHz, CDCl3) δ -






1H NMR (400 MHz, CDCl3) δ 6.80 (dd, J = 7.0, 5.7 Hz, 2H), 6.76 – 6.68 (m, 2H), 
5.08 – 4.81 (dm, J = 48 Hz, 1H), 4.25 – 4.04 (m, 2H), 3.79 (brs, 2H), 2.22 – 1.93 
(m, 2H), 1.42 (dd, J = 24.0, 6.2 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 146.32, 
136.27, 121.30, 118.48, 115.16, 111.58, 88.86, 87.22, 64.18, 64.13, 36.85, 36.64, 
21.32, 21.10. 19F NMR (376 MHz, CDCl3) δ -174.88 – -175.42 (m, 1F). HRMS: 
(ESI+) [M+H] cal. for C10H15FNO: 184.1138; found: 184.1130. 
 
1H NMR (400 MHz, CDCl3) δ 7.57 (d, J = 8.9 Hz, 2 H), 6.94 (d, J = 8.9 Hz, 2 H), 
5.06 – 4.75 (dm, J = 48 Hz, 1H), 4.30 – 3.98 (m, 2H), 2.25 – 1.89 (m, 2H), 1.41 
(dd, J = 24.0, 6.2 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 162.02, 133.99, 119.18, 
115.14, 104.03, 88.36, 86.72, 64.19, 64.15, 36.47, 36.26, 21.25, 21.02. 19F NMR 
(376 MHz, CDCl3) δ -175.13 – -176.24 (m, 1F). HRMS: (ESI+) [M+H] cal. for 
C11H12FNNaO: 216.0801; found: 216.0793. 
 
1H NMR (400 MHz, CDCl3) δ 7.57 (d, J = 8.9 Hz, 2 H), 6.94 (d, J = 8.9 Hz, 2 H), 
5.06 – 4.75 (dm, J = 48 Hz, 1H), 4.30 – 3.98 (m, 2H), 2.25 – 1.89 (m, 2H), 1.41 
(dd, J = 24.0, 6.2 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 190.79, 163.79, 131.99, 
129.97, 114.71, 88.43, 86.79, 64.19, 64.14, 36.54, 36.33, 21.26, 21.04. 19F NMR 
(376 MHz, CDCl3) δ -176.01 – -176.55 (m, 1F). HRMS: (ESI+) [M+H] cal. for 





1H NMR (400 MHz, CDCl3) δ 7.97 (d, J = 8.8 Hz, 1H), 7.81 (d, J = 8.5 Hz, 1H), 
7.70 (d, J = 8.0 Hz, 1H), 7.60 (t, J = 7.6 Hz, 1H), 7.36 (t, J = 7.5 Hz, 1H), 6.88 (d, J 
= 8.8 Hz, 1H), 4.87 – 4.63 (dm, J = 52 Hz, 1H), 4.58 – 4.42 (m, 2H), 2.07 – 1.65 
(m, 4H), 1.36 (dd, J = 23.9, 6.2 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 162.10, 
146.56, 138.64, 129.42, 127.38, 127.18, 125.02, 123.90, 113.15, 91.50, 89.86, 
65.40, 33.70, 33.49, 24.78, 24.73, 21.13, 20.90. 19F NMR (376 MHz, CDCl3) δ -









1H NMR (400 MHz, CDCl3) δ 7.25 (s, 1H), 7.11 (d, J = 3.5 Hz, 2H), 6.45 (d, J = 
3.5 Hz, 2H), 4.82 – 4.57 (dm, J = 48 Hz, 1H), 4.39 – 4.24 (m, 2H), 1.99 – 1.57 (m, 
4H), 1.34 (dd, J = 23.8, 6.2 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 157.61, 146.24, 
127.50, 120.01, 113.87, 91.16, 89.52, 64.78, 33.36, 33.15, 24.50, 24.45, 21.07, 
20.85. 19F NMR (376 MHz, CDCl3) δ -173.40 – -173.88 (m, 1F). HRMS: (ESI+) 





1H NMR (400 MHz, CDCl3) δ 7.78 (d, J = 3.7 Hz, 1H), 7.54 (d, J = 5.0 Hz, 1H), 
7.09 (t, J = 4.3 Hz, 1H), 4.71 (dm, J = 48.0 Hz, 1H), 4.39 – 4.20 (m, 2H), 2.00 – 
1.59 (m, 4H), 1.34 (dd, J = 23.9, 6.1 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 
162.19, 133.79, 133.34, 132.28, 127.71, 91.19, 89.54, 64.71, 33.47, 33.26, 24.54, 
24.49, 21.09, 20.86. 19F NMR (376 MHz, CDCl3) δ -173.30 – -173.77 (m, 1F). 
HRMS: (ESI+) [M+H] cal. for C10H14FO2S: 217.0699; found: 217.0688. 
 
1H NMR (400 MHz, CDCl3) δ 9.20 (s, 1H), 6.95 (dt, J = 4.1, 2.1 Hz, 1H), 6.92 – 
6.87 (m, 1H), 6.29 – 6.20 (m, 1H), 4.81 – 4.58 (dm, J = 52.0 Hz, 1H), 4.35 – 4.20 
(m, 2H), 1.98 – 1.56 (m, 4H), 1.33 (dd, J = 23.9, 6.2 Hz, 3H). 13C NMR (100 MHz, 
CDCl3) δ 162.19, 133.79, 133.34, 132.28, 127.71, 91.19, 89.54, 64.71, 33.47, 
33.26, 24.54, 24.49, 21.09, 20.86. 19F NMR (376 MHz, CDCl3) δ -173.26 – -173.74 
(m, 1F). HRMS: (ESI+) [M+H] cal. for C10H15FNO2: 200.1087; found: 200.1078. 
 
1H NMR (400 MHz, CDCl3) δ 8.02 (d, J = 2.9 Hz, 1H), 7.62 (d, J = 2.9 Hz, 1H), 
4.70 (dm, J = 48 Hz, 1H), 4.50 – 4.36 (m, 2H), 2.07 – 1.60 (m, 4H), 1.33 (dd, J = 
23.9, 6.2 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 159.98, 158.30, 144.98, 125.22, 
91.11, 89.46, 66.11, 33.32, 33.11, 24.46, 24.41, 21.06, 20.83. 19F NMR (376 MHz, 
CDCl3) δ -173.50 – -173.97 (m, 1F). HRMS: (ESI+) [M+H] cal. for C9H13FNO2S: 





1H NMR (400 MHz, CDCl3) δ 5.88 – 5.74 (m, 1H), 5.03 (dd, J = 21.9, 13.8 Hz, 2H), 
4.67 (dm, J = 48Hz, 1H), 4.10 (m, 2H), 2.50 – 2.29 (m, 4H), 1.74 (m, 4H), 1.33 (dd, 
J = 23.9, 6.1 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 173.04, 136.64, 115.47, 91.19, 
89.54, 63.99, 33.51, 33.44, 33.23, 28.86, 24.44, 24.40, 21.06, 20.84. 19F NMR 
(376 MHz, CDCl3) δ -173.26 – -173.78 (m, 1F). HRMS: (ESI+) [M+H] cal. for 
C10H18FO2: 189.1291; found: 189.1283. 
 
1H NMR (400 MHz, CDCl3) δ 6.88 (t, J = 7.5 Hz, 1H), 6.78 (d, J = 7.8 Hz, 1H), 
6.64 (dd, J = 13.1, 7.7 Hz, 2H), 5.85 (td, J = 17.0, 7.0 Hz, 1H), 5.20 – 5.07 (m, 2H), 
5.04 – 4.81 (dm, J = 48 Hz, 1H), 4.25 (s, 1H), 4.19 – 4.02 (m, 2H), 3.20 (t, J = 6.6 
Hz, 2H), 2.43 (q, J = 6.7 Hz, 2H), 2.21 – 1.81 (m, 2H), 1.41 (dd, J = 24.0, 6.2 Hz, 
3H). 13C NMR (100 MHz, CDCl3) δ 145.85, 138.34, 135.98, 121.52, 116.85, 
116.36, 110.59, 110.07, 88.83, 87.19, 64.17, 64.12, 42.47, 36.83, 36.62, 33.66, 
21.30, 21.08. 19F NMR (376 MHz, CDCl3) δ -174.74 – -175.27 (m, 1F). HRMS: 
(ESI+) [M+H] cal. for C14H21FNO: 238.1607; found: 238.1597. 
 
1H NMR (400 MHz, CDCl3) δ 4.68 (dm, J = 16.8, 1H), 4.24 – 4.00 (m, 2H), 2.46 (t, 




1.78 – 1.55 (m, 3H), 1.34 (dd, J = 23.8, 6.2 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 
172.98, 91.12, 89.47, 83.18, 69.05, 64.01, 33.42, 33.21, 32.84, 24.41, 24.37, 
23.58, 21.02, 20.80, 17.81. 19F NMR (376 MHz, CDCl3) δ -173.33 – -173.82 (m, 
1F). HRMS: (ESI+) [M+H] cal. for C11H17FO2: 200.1213; found: 200.1204. 
 
1H NMR (400 MHz, CDCl3) δ 8.04 (d, J = 8.1 Hz, 2H), 7.55 (t, J = 7.4 Hz, 1H), 
7.43 (t, J = 7.6 Hz, 2H), 4.72 (dm, J = 47.4 Hz, 1H), 4.38 (t, J = 6.9 Hz, 2H), 2.64 
(t, J = 6.9 Hz, 2H), 2.59 – 2.36 (m, 2H), 1.38 (dd, J = 23.8, 6.1 Hz, 3H). 13C NMR 
(100 MHz, CDCl3) δ 166.24, 132.93, 130.02, 129.57, 128.27, 89.41, 87.71, 78.13, 
62.94, 27.01, 26.76, 20.10, 19.89, 19.32. 19F NMR (376 MHz, CDCl3) δ -170.51 – -
170.92 (m, 1F). HRMS: (ESI+) [M+H] cal. for C14H16FO2: 235.1134; found: 
235.1124. 
4.4.4.2 Hydrofluorination of disubstituted alkenes. 
 
Conditions B. An 8-mL PTFE vial fitted with a stirring bar was charged with dry 
DCE (0.6 mL) and alkene starting material (0.2 mmol). The mixture was cooled 
down to 0 oC.  KHSO4-13HF (27 µL, 0.5 equiv, 6.5 equiv based on HF) was then 
added in one portion at rt. The progress of reaction was monitored by TCL 
(visualized by KMnO4 stain). Product usually shows a little higher polarity than the 




to 0 oC and quenched by CaCO3. The resulting mixture was then stirred at room 
temperature and filtered through kieselguhr and washed with ethyl acetate. The 
filtrate was concentrated, and the residue was purified with flash chromatography. 
 
1H NMR (400 MHz, CDCl3) δ 8.05 (dd, J = 8.4, 1.3 Hz, 1H), 7.62 – 7.53 (m, 1H), 
7.45 (td, J = 7.5, 1.6 Hz, 2H), 4.49 (t, J = 6.8 Hz, 2H), 2.14 (dt, J = 19.4, 6.8 Hz, 
2H), 1.47 (d, J = 21.5 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 166.47, 132.93, 
130.16, 129.50, 128.35, 95.08, 93.43, 60.93, 60.87, 39.93, 39.69, 27.18, 26.94. 
19F NMR (376 MHz, CDCl3) δ -138.14 (td, J = 41.3, 20.5 Hz, 1F). HRMS: (ESI+) 
[M+H] cal. for C12H16FO2: 211.1134; found: 211.1124. 
 
1H NMR (400 MHz, CDCl3 δ 9.18 (s, 1H), 8.74 (d, J = 4.8 Hz, 1H), 8.25 (dd, J = 
7.9, 1.6 Hz, 1H), 7.35 (dd, J = 7.5, 5.3 Hz, 1H), 4.48 (t, J = 6.8 Hz, 2H), 2.28 – 
2.01 (m, 2H), 1.39 (t, J = 16.3 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 165.10, 
153.41, 150.83, 136.92, 126.04, 123.23, 94.82, 93.17, 61.34, 61.28, 39.81, 39.58, 
27.14, 26.89. 19F NMR (376 MHz, CDCl3) δ -138.79 (m, 1F). HRMS: (ESI+) [M+H] 





1H NMR (400 MHz, CDCl3) δ 8.76 – 8.68 (m, 1H), 8.07 (d, J = 7.8 Hz, 1H), 7.86 – 
7.74 (m, 1H), 7.43 (dd, J = 6.6, 4.9 Hz, 1H), 4.53 (t, J = 7.2 Hz, 2H), 2.14 (dt, J = 
19.5, 7.2 Hz, 2H), 1.40 (d, J = 21.4 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 165.04, 
149.87, 148.03, 136.91, 126.81, 125.02, 94.86, 93.21, 61.80, 61.74, 39.78, 39.56, 
27.08, 26.84. 19F NMR (376 MHz, CDCl3) δ -138.76 (m, 1F). HRMS: (ESI+) [M+H] 
cal. for C11H15FNO2: 212.1087; found: 212.1079. 
  
1H NMR (400 MHz, CDCl3) δ 7.99 (s, 1H), 7.72 (dd, J = 8.1, 0.6 Hz, 1H), 7.41 (t, J 
= 9.2 Hz, 1H), 7.37 (t, J = 7.6 Hz, 1H), 7.13 (t, J = 7.4 Hz, 1H), 4.61 – 4.44 (m, 2H), 
2.36 – 2.10 (m, 2H), 1.40 (d, J = 21.4 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 
139.21, 132.97, 126.20, 124.08, 121.11, 120.50, 108.88, 95.05, 93.39, 77.34, 
77.03, 76.71, 44.06, 44.01, 40.63, 40.41, 26.89, 26.65. 19F NMR (376 MHz, CDCl3) 
δ -140.67 – -140.50 (m, 1F), HRMS: (ESI+) [M+H] cal. for C12H16FN2: 207.1298; 
found: 207.1292. 
 
1H NMR (400 MHz, CDCl3) δ 7.92 (s, 1H), 7.68 (d, J = 8.7 Hz, 1H), 7.63 (d, J = 
8.4 Hz, 1H), 7.32 – 7.20 (m, 1H), 7.06 (t, J = 7.5 Hz, 1H), 4.55 (dd, J = 8.9, 7.1 Hz, 
2H), 2.46 – 2.29 (m, 2H), 1.40 (d, J = 21.4 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 




48.96, 41.87, 41.65, 26.90, 26.65. 19F NMR (376 MHz, CDCl3) δ -141.00 (m, 1F). 
HRMS: (ESI+) [M+H] cal. for C12H16FN2: 207.1298; found: 207.1291. 
   
1H NMR (400 MHz, CDCl3) δ 8.03 (d, J = 8.4 Hz, 1H), 7.52 (d, J = 8.3 Hz, 1H), 
7.46 (t, J = 7.5 Hz, 1H), 7.34 (t, J = 7.6 Hz, 1H), 4.76 (dd, J = 9.1, 6.9 Hz, 2H), 
2.39 – 2.23 (m, 2H), 1.42 (d, J = 21.3 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 
146.01, 132.74, 127.26, 123.83, 120.04, 109.16, 94.73, 93.07, 43.42, 43.37, 
40.60, 40.38, 26.83, 26.59. 19F NMR (376 MHz, CDCl3) δ -141.29 (m, 1F). HRMS: 
(ESI+) [M+H] cal. for C11H15FN3: 208.1250; found: 208.1244. 
  
1H NMR (400 MHz, CDCl3) δ 7.84 (dd, J = 6.6, 3.0 Hz, 2H), 7.36 (dd, J = 6.5, 3.1 
Hz, 2H), 4.92 – 4.81 (m, 2H), 2.57 – 2.38 (m, 2H), 1.40 (d, J = 21.3 Hz, 6H). 13C 
NMR (100 MHz, CDCl3) δ 144.30, 126.25, 117.87, 94.62, 92.96, 52.05, 40.98, 
40.75, 26.78, 26.53. 19F NMR (376 MHz, CDCl3) δ -140.71 (m, 1F). HRMS: (ESI+) 





1H NMR (400 MHz, CDCl3) δ 3.14 (td, J = 10.3, 4.2 Hz, 1H), 2.03 (dd, J = 7.4, 4.6 
Hz, 1H), 1.79 – 1.67 (m, 2H), 1.66 – 1.51 (m, 2H), 1.28 (d, J = 22.0 Hz, 6H), 1.12 
– 0.89 (m, 6H). 13C NMR (100 MHz, CDCl3) δ 97.89, 96.24, 76.25, 46.48, 46.26, 
40.00, 36.40, 36.35, 32.80, 26.56, 26.51, 24.57, 24.53, 24.32, 24.28, 18.21. 19F 
NMR (376 MHz, CDCl3) δ -139.48 (dtd, J = 44.1, 22.1, 11.5 Hz, 1F). HRMS: (ESI+) 
[M+H] cal. for C10H20FO: 175.1498; found: 175.1478. 
 
1H NMR (400 MHz, CDCl3) δ 5.74 (s, 1H), 2.52 – 2.41 (m, 1H), 2.40 – 2.30 (m, 
1H), 2.30 – 2.16 (m, 2H), 2.04 – 1.87 (m, 4H), 1.30 (dd, J = 22.1, 9.6 Hz, 6H), 
1.24 – 1.12 (m, 1H), 1.07 (s, 3H), 1.00 (d, J = 13.0 Hz, 1H), 0.96 (d, J = 6.7 Hz, 
3H). 13C NMR (100 MHz, CDCl3) δ 199.51, 170.06, 124.65, 97.97, 96.30, 42.64, 
42.41, 42.04, 40.49, 39.27, 39.22, 39.00, 32.63, 27.54, 27.48, 24.80, 24.55, 24.17, 
23.92, 16.80, 14.94. 19F NMR (376 MHz, CDCl3) δ -139.13 – -140.13 (m, 1F). 
HRMS: (ESI+) [M+H] cal. for C15H24FO: 239.1811; found: 239.1799. 
 
Isomer ratio: (6 : 1). 1H NMR (400 MHz, CDCl3) δ 7.10 (s, 1H), 7.00 (s, 0.16H), 
2.51 (d, J = 19.3 Hz, 1H), 2.44 – 2.29 (m, 1.6H), 2.23 – 2.11 (m, 1.1H), 2.01 (dd, J 
= 35.6, 15.0 Hz, 2.2H), 1.87 (m, 0.2H), 1.82 – 1.70 (m, 1H), 1.33 (dd, J = 21.9, 3.5 
Hz, 6H), 1.25 (dd, J = 12.2, 7.0 Hz, 1H), 1.04 (t, J = 9.2 Hz, 0.19H), 1.01 – 0.91 




136.92, 130.32, 127.26, 126.54, 123.89, 116.44, 115.89, 35.16, 34.31, 34.24, 
28.04, 25.58, 25.50, 23.66, 21.31, 21.00, 20.80. 19F NMR (376 MHz, CDCl3) δ -
141.17 – -142.90 (m, 1F), -160.86 – -161.76 (m, 0.16F). HRMS: (ESI+) [M+H] cal. 
for C10H16FO2: 187.1134; found: 187.1132. 
 
Isomer ratio: (1.3 : 1). 1H NMR (400 MHz, CDCl3) δ 4.61 (dm, J = 48Hz, 1H), 4.30 
(dm, J = 48Hz, 0.75H), 2.49 (s, 3.5H), 2.40 – 2.32 (m, 4.1H),  2.32 – 2.22 (m, 
1.1H), 2.19 (t, J = 7.1 Hz, 2.2H), 2.05 (m, 5.3H), 1.76 – 1.36 (m, 8H), 1.28 (dd, J = 
24.0, 6.2 Hz, 3H), 0.94 (t, J = 7.4 Hz, 2H). 13C NMR (100 MHz, CDCl3) δ 209.58, 
170.89, 170.52, 140.14, 139.54, 95.89, 94.22, 91.62, 89.99, 36.74, 36.53, 34.29, 
33.02, 32.82, 31.59, 31.53, 28.15, 27.94, 23.92, 23.87, 22.66, 21.07, 20.84, 18.90, 
18.86, 17.24, 17.15, 9.37, 9.31. 19F NMR (376 MHz, CDCl3) δ -172.13 – -172.79 
(m, 1F), -182.88 – -183.58 (m, 0.75F). HRMS: (ESI+) [M+H] cal. for C11H17FNaO: 
207.1161; found:207.1153. 
 
Isomer ratio: (2 : 1). 1H NMR (400 MHz, CDCl3) δ 8.03 (s, 1.29H), 4.78 – 4.52 (dm, 
J = 48Hz, 1H), 4.49 – 4.31 (dm, J = 48Hz, 0.5H), 4.23 - 4.13 (m, 3H), 1.90 – 1.36 
(m, 9H), 1.32 (d, J = 6.2 Hz, 1.5H), 1.26 (d, J = 6.2 Hz, 1.5H), 0.94 (t, J = 7.5 Hz, 
1.5H). 13C NMR (100 MHz, CDCl3) δ 172.99, 172.45, 155.86, 139.48, 138.60, 




28.04, 25.58, 25.50, 23.66, 21.31, 21.00, 20.80. 19F NMR (376 MHz, CDCl3) δ -
172.99 – -173.31 (m, 1F), -182.13 – -182.73 (m, 0.5F). HRMS: (ESI+) [M+H] cal. 
for C7H14FO2: 149.0978; found: 149.0231. 
4.4.4.3. Hydrofluorination of trisubstituted alkenes. 
 
Conditions C. An 8-mL PTFE vial fitted with a stirring bar was charged with dry 
DCE (1 mL) and alkene starting material (0.2 mmol).  The mixture was cooled 
down to 0 oC.  KHSO4-13HF (27 µL, 0.5 equiv, 6.5 equiv based on HF) was then 
added in one portion and the reaction stirred at rt. The reaction was monitored by 
TLC (visualized by KMnO4 stain). Product usually shows a little higher polarity 
than the starting material on TLC (Rf difference < 0.1). The reaction was then 
cooled down to 0 oC and quenched by CaCO3. The resulting mixture was then 
stirred at room temperature and filtered through kieselguhr and washed with ethyl 
acetate. The filtrate was concentrated, and the residue was purified with flash 
chromatography. 
 
1H NMR (400 MHz, CDCl3) δ 8.06 – 7.96 (m, 2H), 7.54 (t, J = 7.4 Hz, 1H), 7.42 (t, 
J = 7.6 Hz, 2H), 4.32 (t, J = 6.5 Hz, 2H), 1.94 – 1.81 (m, 2H), 1.80 – 1.65 (m, 2H), 
1.36 (d, J = 21.3 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 166.53, 132.87, 130.28, 




NMR (376 MHz, CDCl3) δ -138.94 (dt, J = 41.2, 21.0 Hz, 1F). HRMS: (ESI+) [M+H] 
cal. for C13H18FO2: 225.1291; found: 225.1116. 
 
1H NMR (400 MHz, CDCl3) δ 3.42 (t, J = 6.7 Hz, 2H), 2.02 – 1.91 (m, 2H), 1.81 – 
1.67 (m, 2H), 1.34 (d, J = 21.3 Hz, 6H). 13C NMR (100 MHz, CDCl3) 13C NMR (100 
MHz, cdcl3) δ 95.90, 94.25, 45.89, 40.00, 39.77, 34.28, 33.92, 33.44, 29.73, 27.35, 
27.30, 26.79, 26.55. 19F NMR (376 MHz, CDCl3) δ -138.97 (dt, J = 42.0, 21.0 Hz, 
1F). 
The above NMR data accords with the reference.72 
 
1H NMR (400 MHz, CDCl3) δ 8.04 (d, J = 7.9 Hz, 2H), 7.54 (t, J = 7.3 Hz, 1H), 
7.42 (t, J = 7.6 Hz, 2H), 5.47 (t, J = 7.0 Hz, 1H), 4.83 (d, J = 7.0 Hz, 2H), 2.06 (t, J 
= 6.5 Hz, 2H), 1.75 (s, 3H),1.58 (m, 2H), 1.54 (m, 2H), 1.35 (s, 3H), 1.30 (s, 3H). 
13C NMR (100 MHz, CDCl3) δ 166.63, 142.06, 132.78, 130.43, 129.55, 128.35, 
128.27, 118.66, 96.41, 94.78, 61.79, 40.95, 40.72, 39.59, 26.76, 26.51, 21.84, 
21.79, 16.37. 19F NMR (376 MHz, CDCl3) δ -137.31 – -138.08 (m, 1F). HRMS: 








1H NMR (400 MHz, CDCl3) δ 4.17 – 4.00 (m, 2H), 1.81 – 1.55 (m, 2H), 1.44 – 1.39 
(m, 1H), 1.37 (d, J = 3.8 Hz, 3H), 1.36 – 1.28 (m, 3H), 1.27 – 1.23 (m, 3H), 1.21 (s, 
3H), 1.20 – 1.15 (m, 1H), 1.11 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 172.52, 
96.23, 94.57, 60.18, 39.79, 39.56, 32.85, 28.78, 28.72, 26.80, 26.63, 26.56, 26.39, 
21.61, 20.57, 14.37. 19F NMR (376 MHz, CDCl3) δ -136.32 – -136.82 (m, 1F), -
139.25 (dt, J = 43.1, 21.6 Hz, 0.07F). HRMS: (ESI+) [M+H] cal. for C12H22FO2: 
217.1604; found: 217.1594. 
 
1H NMR (400 MHz, CDCl3) δ 3.73 – 3.58 (m, 2H), 1.66 – 1.50 (m, 4H), 1.46 – 1.24 
(m, 10H), 1.20 – 1.07 (m, 2H), 0.89 (d, J = 6.5 Hz, 3H). 13C NMR (100 MHz, 
CDCl3) δ 96.58, 94.95, 61.08, 41.69, 41.46, 39.85, 37.31, 29.38, 26.78, 26.69, 
26.54, 26.44, 21.29, 21.24, 19.51. 19F NMR (376 MHz, CDCl3) δ -137.33 (td, J = 
41.4, 20.7 Hz, 1F). HRMS: (ESI+) [M+Na] cal. for C10H21FNaO:199.1474; found: 
199.1688. 
4.4.4.4. Other applications of KHSO4-13HF. 
 
Conditions D. An 8-mL PTFE vial fitted with a stirring bar was charged with dry 
DCE (0.5 mL), 3-Buten-1-ol (0.2 mmol) and 4-nitrobenzaldehyde (0.2 mmol).  The 
mixture was cooled down to 0 oC.  KHSO4-13HF (27 µL, 0.5 equiv, 6.5 equiv 




progress of reaction can be monitored by TLC (green or dark brown dots on 
anisaldehyde stain). The product has the similar polarity as the aldehyde starting 
material. The reaction was then cooled down to 0 oC and quenched by CaCO3. 
The resulting mixture was then stirred at room temperature and filtered through 
kieselguhr and washed with ethyl acetate. The filtrate was concentrated, and the 
residue was first monitored with F-NMR to determine the cis/trans ratio, then was 
purified with flash chromatography. 
 
1H NMR (400 MHz, CDCl3) δ 8.20 (d, J = 7.5 Hz, 2H), 7.51 (d, J = 7.9 Hz, 2H), 
4.95 – 4.70 (dm, J = 48 Hz,  1H), 4.42 (d, J = 11.5 Hz, 1H), 4.31 – 4.14 (m, 1H), 
3.58 (t, J = 12.3 Hz, 1H), 2.37 (dd, J = 7.4, 5.0 Hz, 1H), 2.14 (d, J = 12.4 Hz, 1H), 
1.96 – 1.74 (m, 1H), 1.73 – 1.57 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 95.90, 
94.25, 45.89, 40.00, 39.77, 34.28, 33.92, 33.44, 29.73, 27.35, 27.30, 26.79, 26.55. 
19F NMR (376 MHz, CDCl3) δ -170.33 (dd, J = 48.9, 4.4 Hz, 1F).  
The above NMR data accords with the reference. 24a 
 
Conditions E. An 8-mL PTFE vial fitted with a stirring bar was charged with dry 




oC.  KHSO4-13HF (54 µL, 1 equiv, 13 equiv based on HF) was then added in one 
portion and the reaction stirred at rt. The reaction was monitored by TLC 
(visualized by KMnO4 stain). Product shows a little higher polarity than the starting 
material on TLC (Rf difference < 0.1). The reaction was then cooled down to 0 oC 
and quenched by CaCO3. The resulting mixture was then stirred at room 
temperature and filtered through kieselguhr, and washed with ethyl acetate. The 
filtrate was concentrated, and the residue was purified with flash chromatography. 
 
1H NMR (400 MHz, CDCl3) δ 2.22 (s, 3H), 1.87 (d, J = 2.5 Hz, 6H), 1.68 – 1.54 (m, 
6H). 13C NMR (100 MHz, CDCl3) δ 93.36, 91.52, 42.82, 42.65, 35.86, 35.85, 31.51, 
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APPENDIX A: SIMULTANEOUS RAPID REACTION 
WORKUP AND CATALYST RECOVERY  
Background 
In the search for new leads in the material, pharmaceutical or agrochemical 
industries, a large number of organic compounds need to be synthesized routinely. 
These syntheses are normally time-consuming and labor-intensive and generate 
significant amount of waste (i.e., spent catalysts, solvents). Time wise, the 
greatest obstacle in working with a large number of compounds is the isolation 
and purification of the product(s), rather than the set-up of the reactions 
themselves.77 After completion of any reaction, a so-called reaction workup is 
needed to remove active intermediates, catalyst(s), water-soluble inorganic 
byproducts, and/or polar solvents that could adversely affect the ensuing 
chromatographic purification. The traditional practice of conducting an aqueous 
reaction workup is lengthy and labor-intensive. To curtail waste, chemists have 
resorted to employing catalytic reactions and transition metal catalysts but, 
because metal contamination is strictly regulated in the pharmaceutical industry, 
especially in the final product stages, and the cost of these metals and their 
ligands is high, there has been a push among practitioners in these fields to 
recycle catalysts from the product stream while preserving their catalytic activity.78 
This effort has led to the development of many solid-supported catalysts.  
We recently reported a substantially faster technique for the routine workup of 




conventional liquid organic solvent to extract the aqueous reaction mixture, we 
exploited the affinity of Porelite--a porous honeycomb-like organic polymer 
developed in our laboratory--with a liquid organic solvent embedded in it. The 
entrenched solvent carries the extraction (Figure 27). This rigid solvent workup 
works for most reactions, is fast, uses minimal amount of solvents, reduces the 
chance of contact with hazardous chemicals, and is capable of parallelization and 
automation. 
Figure 27. Concept of rigid solvent extraction (RSE). 
 
Our rigid solvent extraction technique and the use of supported catalysts could, in 
principle, solve the individual problems of cumbersome reaction workup and 
inefficient catalyst recovery. Because the core process in both procedures 
involves a filtration step, we envisioned a protocol that would combine them in a 




simultaneous and fast reaction workup with a catalyst recovery protocol by 
merging both steps into a simple filtration procedure using Porelite. 
Results and discussion 
Our methodology is straightforward. The reaction is conducted in the presence of 
a supported catalyst and Porelite (Figure 28, step 1). After the reaction is 
complete, the reaction mixture is quenched with a suitable aqueous solution and 
the organic solvent is removed in a rotavapor (Figure 28, step 2).  It is in this step 
when the crude organic product becomes embedded in Porelite but inorganic by-
product(s) remain in the aqueous solution. The resulting mixture is filtered and 
washed with water.  
Figure 28. Green procedure for organic compound synthesis by combination of 





The holding vessel (cartridge) contains Porelite, the supported catalyst and the 
product(s) (Figure 28, step 3). This vessel is ready to be connected to any 
automatic flash chromatographic system (Figure 28, step 4). During the 
chromatographic elution the catalyst and Porelite are washed, and after simple 
air-drying, they are ready for reuse.   
We utilized commercially available supported catalysts to test the effectiveness of 
our protocol. Palladium catalysts are among the most commonly used catalysts 
and have been applied in many prominent coupling reactions such as Heck, 
Suzuki, Negishi, and Sonogashira reactions.80 Solid-supported palladium catalysts 
have the advantage of low metal leaching and good recyclability. We chose the 
commercially available polymer bound dichlorobis(triphenylphosphine)palladium(II) 
to evaluate our protocol in different coupling reactions.  The Suzuki reaction was 
first tested because of its broad appeal among practitioners (Table 17, reaction A). 
To our delight, the reaction worked well with just 0.5% mol of supported catalyst, 
and the catalyst maintained its catalytic activity even after five cycles. We also 
investigated the Heck and the Sonogashira reactions. Both reactions need stricter 
reaction conditions such as dry solvent and an air-free environment, and in both 
cases our protocol succeeded in its effectiveness (Table 17, reactions B and C). 
 The advantage of our protocol with respect to traditional methods is even more 
noteworthy in the case of reactions whose conditions call for solvents such as 
DMF and diethylamine that can cause problems in the liquid-liquid extraction (LLE) 
step because of their tendency to emulsify or that produce strong odors. Our rigid 
solvent extraction diminishes the need for additional solvent in the workup, and 
also saves time because there is no need to remove the extra solvent utilized in 
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Reaction 1st cycle 2nd cycle 3rd cycle 4th cycle 5th cycle 
A 94% 90% 92% 90% 99% 
B 95% 90% 93% 93% 95% 
C 87% 85% 84% 86% 85% 
All yields are isolated yields. 
Lewis acid catalysts are of great importance in carbon–carbon bond-forming 
reactions. These catalysts are essential in the production of fine chemicals, 
including pharmaceuticals.81 Contrary to most metal Lewis acids, which easily 
decompose in the presence of trace amounts of water, the polymer-bound 
Sc(OTf)3—a water-compatible Lewis acid—serves as a mild alternative to 
traditional hard Lewis acids like AlCl3. In reactions such as the aldol reaction, the 
allylation of aldehydes,82 and the Michael addition of indoles, the polymer-bound 




Michael addition, both shown in Table 18, to test the usefulness of our protocol. 
These two reactions proceeded smoothly to afford the expected products in high 
yield, reproducibility, and effectiveness, up to the fifth recycle. 
Table 18. Simultaneous reaction workup and catalyst recovery in supported 
scandium triflate catalyzed reactions. 
 
Reaction 1st cycle 2nd cycle 3rd cycle 4th cycle 5th cycle 
A 82% 89% 81% 83% 82% 
B 80% 90% 85% 85% 86% 
All yields are isolated yields. 
Polyurea-encapsulated Pd(0) [Pd0EnCat]--developed by the Ley group--has been 
used successfully in transfer hydrogenations. Compared with activated palladium 
on carbon, Pd0 EnCat works under mild conditions, gives high yields, and is 
recyclable.85 We selected two types of Pd0EnCat catalyzed hydrogenations to test 
our protocol (Table 19). The first reaction tested was the hydrogenolysis of 
epoxides.86 In this reaction our protocol worked very well, proof of which are the 
results shown in Table 19, reaction A. The recovered Porelite and Pd0EnCat were 
reused in several successive runs without noticeable erosion of catalyst activity. 




Pd0 EnCat has shown advantages in cost, separation and waste reduction.87 As 
shown in Table 19, reaction B, the recycled Porelite and Pd0EnCat exhibited good 
activity even after five successive runs.  




Reaction 1st cycle 2nd cycle 3rd cycle 4th cycle 5th cycle 
A 100% 95% 96% 94% 93% 
B 100% 96% 95% 92% 92% 
All yields are isolated yields. 
Although we only screened commercially available, solid supported catalysts, we 
believe that other catalysts that are insoluble in reaction solvents could also be 
used in our protocol. Compared with the traditional aqueous reaction work-up, our 
protocol is procedurally simpler, uses less solvent and saves time (Figure 29). 
Depending on the type of reaction, approximately 10 minutes are needed to 
conduct the whole process (Figure 29b). Our new protocol merges reaction work-
up and catalyst recovery into a simple filtration step and eliminates the longer 
times and solvent consumption associated with LLE workups. Furthermore, our 




time if multiple reactions are carried out simultaneously. To maximize the 
usefulness of our protocol the following observations should be taken into account: 
first, the catalyst selected should be able to withstand the recycling process; 
second, some losses of Porelite material may occur during the filtration because 
of the partial pulverization taking place when Porelite particles are stirred. To 
offset this loss, it is advisable to add fresh Porelite (approximately 10%) after each 
recycling process. 
Figure 29. Comparison of traditional work-up (a) and our new protocol (b). 
 
Conclusions 
We have developed a substantially faster technique for simultaneous rapid 
reaction workup and catalyst recovery. This procedure reduces the chance of 




Only minimal amounts of organic solvents are needed. Other novel applications of this 
new technique are currently being pursued in our laboratory. 
Experimental 
Suzuki-Miyaura coupling reaction 
A 50 mL round-bottomed flask fitted with a magnetic stir bar was charged with p-
bromoacetophenone (1mmol, 199 mg), K2CO3 (2 mmol, 276 mg), phenylboronic 
acid (1.1 mmol, 137 mg), Porelite (180 mg), and a polymer bound catalyst (0.5% 
mmol). A mixed solvent system (ethanol: deionized water = 1:1, 10 mL) was 
added and the mixture was purged and backfilled with argon three times. The 
resulting solution was heated to 80 0C and stirred at 500 rpm for 24 h. The 
reaction was allowed to cool down to room temperature after which 10 mL water 
was added. The resulting mixture was concentrated in a rotovapor to remove the 
organic solvent (the aqueous phase remained in reaction mixture).  The reaction 
mixture was transferred into an empty loading cartridge, filtered to remove 
aqueous-soluble components and further washed with water (20 mL). The 
cartridge was then connected to a flash chromatography apparatus and eluted 
with a linear gradient of 0 - 10% ethyl acetate/hexanes to yield the product as a 
white powder.  To recycle Porelite and the polymer-bound catalyst, the cartridge 
was flushed with ethyl acetate for 2 min, and then dried under vacuum to remove 
the ethyl acetate. The recycled Porelite with the polymer-bound catalyst were 
used directly in the next run of the reaction. (Additional 10% of Porelite was added 
to the sample cartridge before filtration in successive reactions due to the loss that 
occurs during filtration and flash chromatography). The NMR data obtained were 




Heck coupling reaction 
A 50 mL round-bottomed flask fitted with a magnetic stir bar was charged with 
iodotoluene (1 mmol, 218 mg), styrene (1.5 mmol, 156 mg), K2CO3 (2 mmol, 276 
mg), triethylamine (2 mmol, 202 mg), Porelite (180 mg), polymer bound catalyst 
(0.5% mmol). DMF (5 mL) was added and the mixture was purged and backfilled 
with argon three times. The solution was heated to 120 0C and stirred at 500 rpm 
for 18 h. 5% LiCl aqueous solution (10 mL) was then added to the reaction.  The 
resulting mixture was transferred into a 250 mL flask and concentrated to remove 
the DMF.  The resulting mixture was concentrated in a rotovapor to remove the 
organic solvent (the aqueous phase remained in reaction mixture).  The reaction 
mixture was transferred into an empty loading cartridge, filtered to remove 
aqueous-soluble components and further washed with water (20 mL). The 
cartridge was then connected to a flash chromatography apparatus and eluted 
with a linear gradient eluting with hexanes to furnish product as a white powder.  
Porelite and the catalyst in the cartridge were recycled by flushing with ethyl 
acetate for 2 min, and then dried under vacuum to remove ethyl acetate. The 
recycled Porelite with the catalyst were used directly in the next reaction run. 
(Additional 10% of Porelite was added to the sample cartridge before filtration in 
successive reactions due to the loss that occurs during filtration and flash 
chromatography). The NMR data obtained were in agreement with those 
reported.89 
Sonogashira coupling reaction 
A 50 mL round-bottomed flask fitted with a magnetic stir bar was charged with 2-
bromo-6-methylpyridine (1.5 mmol, 263 mg), ethynylbenzene (3 mmol, 313 mg), 




(0.5% mmol). Diethylamine (8 mL) was added and the mixture was purged and 
backfilled with argon three times. The reaction was heated to 55 0C and stirred at 
500 rpm for 15 h. Water (10 mL) was added and the resulting mixture was 
concentrated in a rotovapor to remove diethylamine. The reaction mixture was 
transferred into an empty loading cartridge, filtered to remove aqueous-soluble 
components and further washed with water (20 mL). The cartridge was then 
connected to a flash chromatography apparatus and eluted with a linear gradient 
of 0 - 10% ethyl acetate/hexanes to yield the product as a yellow oil. Porelite and 
the catalyst in the cartridge were recycled by flushing with ethyl acetate for 2 min, 
and then dried under vacuum to remove ethyl acetate. The recycled Porelite with 
the catalyst were used directly in the next reaction run. (Additional 10% of Porelite 
was added to the sample cartridge before filtration in successive reactions due to 
the loss that occurs during filtration and flash chromatography). The NMR data 
obtained were in agreement with those reported.90  
Allylation reaction  
An 8 mL-vial fitted with a magnetic stir bar was charged with polymer bound-
Sc(OTf)3 (0.1 mmol, 100 mg), benzaldehyde (1 mmol, 106 mg), Porelite (100 mg) 
and CH3CN (3 mL). Tetraallyl tin (0.3 mmol, 88.4 mg) was added at room 
temperature and the mixture was stirred at 500 rpm for 18 h. The reaction mixture 
was transferred into a 50 mL-flask with ethyl acetate (10 mL) and water (10 mL). 
The result mixture was concentrated under reduced pressure to remove THF and 
was transferred into an empty loading cartridge, filtered to remove aqueous-
soluble components and further washed with water (20 mL). The cartridge was 
then connected to a flash chromatography apparatus and eluted with a linear 




Porelite and the catalyst in the cartridge were recycled by flushing with ethyl 
acetate for 2 min, and then dried under vacuum to remove ethyl acetate. The 
recycled Porelite with the catalyst were used directly in the next reaction run. 
(Additional 10% of Porelite was added to the sample cartridge before filtration in 
successive reactions due to the loss that occurs during filtration and flash 
chromatography). The NMR data obtained were in agreement with those 
reported.91  
Michael addition  
Into a suspension of polymer bound Sc(OTf)3 (0.03 mmol, 30 mg) and Porelite 
(100 mg) in water (5 mL) in an 8 mL-vial was added 1-methylindole (1 mmol, 131 
mg) and methyl vinyl ketone (3 mmol, 210 mg) at room temperature. The reaction 
mixture was stirred at 500 rpm for 18 h. The reaction mixture was transferred into 
an empty loading cartridge, filtered to remove aqueous-soluble components and 
further washed with water (20 mL). The cartridge was then connected to a flash 
chromatography apparatus and eluted with a linear gradient of 0 - 30% ethyl 
acetate/hexanes to give the product as an amber oil. Porelite and the catalyst in 
the cartridge were recycled by flushing with ethyl acetate for 2 min, and then dried 
under vacuum to remove ethyl acetate. The recycled Porelite with the catalyst 
were used directly in the next reaction run. (Additional 10% of Porelite was added 
to the sample cartridge before filtration in successive reactions due to the loss that 
occurs during filtration and flash chromatography). The NMR data obtained were 





An 8 mL-vial fitted with a magnetic stir bar was charged with the trans-stilbene 
oxide 93 (0.5 mmol, 98.1 mg), Pd0EnCat (0.025 mmol, 62.5 mg), ammonium 
formate (2.5 mmol, 158 mg) and Porelite (150 mg). Ethyl acetate (3 mL) was then 
introduced and the reaction was stirred at 60 oC at 500 rpm for 4 hours. The 
reaction mixture was transferred into a 50 mL-flask with ethyl acetate (10 mL) and 
water (10 mL). The resulting mixture was concentrated under reduced pressure to 
remove ethyl acetate. The reaction mixture was transferred into an empty loading 
cartridge, filtered to remove aqueous-soluble components and further washed 
with water (20 mL). The cartridge was then connected to a flash chromatography 
apparatus and eluted with a linear gradient of 0 - 50% ethyl acetate/hexanes to 
furnish the product as a white powder. Porelite and the catalyst in the cartridge 
were recycled by flushing with ethyl acetate for 2 min, and then dried under 
vacuum to remove ethyl acetate. The recycled Porelite with the catalyst were 
used directly in the next reaction run. (Additional 10% of Porelite was added to the 
sample cartridge before filtration in successive reactions due to the loss that 
occurs during filtration and flash chromatography). The NMR data obtained were 
in agreement with those reported.94 
Ketone hydrogenation 
An 8 mL-vial fitted with a magnetic bar was charged with 4-acetylbiphenyl (0.5 
mmol, 98.1 mg), Pd0EnCat (0.05 mmol, 125 mg), ammonium formate (2.5 mmol, 
158 mg) and Porelite (150 mg). Ethyl acetate (3 mL) was then introduced and the 
reaction was stirred at 60 oC for 15 hours. The reaction solution was transferred 
into a 50 mL-flask with EtOAc (10 mL) and H2O (10 mL). The resulting mixture 
was concentrated under reduced pressure to remove ethyl acetate. The mixture 




soluble components and further washed with water (20 mL). The cartridge was 
then connected to a flash chromatography apparatus and eluted with a linear 
gradient of 0 - 40% ethyl acetate/hexanes to furnish the product as a white 
powder. Porelite and the catalyst in the cartridge were recycled by flushing with 
ethyl acetate for 2 min, and then dried under vacuum to remove ethyl acetate. The 
recycled Porelite with the catalyst were used directly in the next reaction run. 
(Additional 10% of Porelite was added to the sample cartridge before filtration in 
successive reactions due to the loss that occurs during filtration and flash 







APPENDIX B: RECYCLABLE CELLULOSE-
PALLADIUM NANOPARTICLES FOR CLEAN 
CROSS-COUPLING CHEMISTRY  
Introduction 
After peptide bond forming reactions,96 palladium-catalyzed cross-couplings have 
played a significant role in the construction of challenging carbon-carbon bonds,80, 
97 and in the recent developments in material chemistry.98 However, because an 
economical access to palladium supplies is limited, this element is regarded as an 
endangered element.99 Significant efforts have been devoted by the scientific 
community to finding better catalysts that can assist in prolonging the palladium 
reserve, either by moving away from palladium or by developing alternative 
technologies.80, 100 Nonetheless, the high costs associated with ligands, the 
difficulty in recycling the catalysts, and, notably, their lack of generality toward all 
types of cross-coupling reactions are major unsolved pitfalls. In addition, catalyst 
residues inevitably contaminate the product during these reactions.101 Thus, it is 
important to develop a catalyst that exhibits broader activity, that is designed from 
environmentally benign materials, that is easy to recycle without additional effort 
and without adversely affecting activity, and that will not cause trace metal 
contamination of the product.78  
   To address the above issues, cellulose, as a sustainable, cost-effective, 
environmentally benign, and most abundant natural biopolymer,102 is potentially a 




desired catalytic activity. Cellulose possesses an extra handle to fine-tune its 
physiochemical behavior, i.e., solubility, dispersity, and ligation properties. 
Cellulose and its derivatives have been also used as efficient, cheap, renewable, 
and biodegradable supports in catalysis.103 Among the numerous methods that 
have been used to prepare cellulose-supported catalysts, deposited Pd particles 
on cellulose are one of the most widely studied.104 This approach though may 
cause problems like catalyst deactivation and metal leaching. Li and other groups 
have introduced diphenylphosphinite-anchored cellulose to coordinate with 
palladium. But this methodology required a tediously long-time for preparation and 
showed a narrow range of applications.105 Herein, we report a cellulose-Pd 
nanocatalyst with wide catalytic activity. The efficiency and recyclability of this 
environmentally friendly cellulose–palladium catalyst was examined using 
common palladium-catalyzed cross coupling reactions (Scheme 9). 





Results and discussion 
We began our study using an inexpensive 2-(diphenylphosphino) benzoic acid 
that acted as a linker to the microcrystalline cellulose (Cell), which was then 
coordinated with palladium nanoparticles (NPs). It was anticipated that the 
position of the phosphine and ester linkages was going to be crucial for imparting 
stability and efficacy to the resulting catalyst. The steric bulk from the 
diphenylphosphine motif was thought to protect the ester linkage from hydrolysis 
under basic conditions. At the same time, the ester group was thought to 
coordinate with the Pd center to stabilize the catalyst. The synthetic protocol 
began with the nucleophilic substitution of Cell-OTs with 2-(diphenylphosphino) 
benzoic acid (Scheme 10). The resulting microcrystalline cellulose-phosphinite 
was then doped with palladium nanoparticles to complete the preparation of B-5; 
this catalyst was fully characterized by FTIR and NMR.  
Scheme 10. Synthetic protocol of Cellulose-Pd NPs. 
 
After obtaining B-5, its catalytic activity was surveyed. At first, it was used in 




displayed very good reactivity. MIDA boronate and boronic acid were also 
tolerated. Fluoro (B-8a), cyclic ether (B-8a, B-8b, B-8f), acetyl (B-8b, B-8c, B-8d, 
B-8e, B-8h), nitrile (B-8e), trifluoromethyl (B-8f), and aldehyde (B-8h) 
functionalities displayed good-to-excellent reactivity.  
Table 20. Catalytic activity of B-5 for Suzuki–Miyaura couplings  
 
The activity of this nanocatalyst was next tested in Sonogashira couplings (Table 
21). Aryl iodides and bromides showed good reactivity. Excellent yields were 
obtained in all cases. Nitro (B-11b), acetyl (B-11c), nitrile (B-11d), ester (B-11e, 




trifluoromethyl (B-11k) residues tolerated the reaction conditions without decrease 
in reaction yields. Notably, esters B-11e, B-11k did not hydrolyze. 
Table 21. Sonogashira couplings with B-5  
 
The catalytic activity was also examined in Heck cross-couplings. (Table 22). Both 
aryl iodide (B-14a) and bromides (B-14b to B-14g) were suitable substrates. 
Electron-rich and electron-deficient (B-14a, B-14g) residues displayed similar 
behaviors. Different functionalities such as ether (B-14e), ester (B-14a, B-14f, B-
14g), ketal (B-14e), and sulfonamide (B-14d) were tolerated. Notably, substrates 
possessing the difluoromethyl (B-14b, B-14e) and pentafluorosulfur (B-14c) 
motifs remained intact and no side reactions were observed.  Furthermore, no 
ester hydrolysis was observed in cases where coupling partners had ester 




Table 22. Catalytic activity for Heck couplings 
 
The catalyst activity was further tested in a tandem reaction, namely C—H 
activation followed by annulation, to prepare a hydroxylisoindolone derivative.106 
As shown in Scheme 11, the reaction was completed in one hour, furnishing B-
17b in excellent isolated yield. Surprisingly, the bromo functionality on the aryl 
residue did not show any reactivity (Scheme 11a). This nanocatalyst was then 
employed on a gram scale intermolecular Heck reaction: within 14 h the product 
B-14h was obtained in 88% yield, employing only 1 mol% catalyst (Scheme 11b). 
Another application of this protocol was the synthesis of a ligand precursor. Upon 
reaction of aryl triflate B-18 with a sterically congested 2,6-dimethylphenylboronic 
acid, the product B-20 was obtained in 68% isolated yield, along with catalyst 





Scheme 11. Synthetic value of protocol. 
 
Another demonstration of the value of our catalyst was in the synthesis of organic 
materials; as shown in Scheme 12, dibromoperylene diimide (PDIs) B-21 








Scheme 12. Synthesis of PDI. 
 
Our catalyst was recycled by simple filtration, without any additional manipulation, 
and without losing its catalytic activity. A recycling study revealed that the 
effectiveness of the catalyst held for up to five cycles. To recycle this catalyst, the 
liquid phase was removed after reaction completion by centrifugation, followed by 
washing with water to remove the salt. The catalyst was re-used without adding 
more palladium nanoparticles. A control experiment was also conducted using 
Pd(OAc)2 and cellulose particles; in it we observed an 80% reduction in yield in 
the second recycle event (Scheme 13a). In a separate control experiment, a Heck 
reaction was conducted with cellulose and Pd(OAc)2 and none of the desired 
product was detected, underscoring the importance of our catalyst grafting 








Scheme 13. Catalyst recycling with control experiment. 
 
In order to gain insights into the nature of catalyst B-5, transmission electron 
microscopic (TEM) images of the fresh as well as the five-times recycled catalyst 
were recorded in Figure 1. In both samples, a high concentration of Pd 
nanoparticles (appearing as bright spots) was observed on the surface of carbon 
support particles (Figure 30a and Figure 30c). There is a clear difference in the Pd 




Figure 30. STEM data from fresh catalyst and five-times recycled catalyst. 
 
For the fresh catalyst, a bimodal size distribution is evident with many 
nanoparticles having ~1 nm diameter and with the remaining nanoparticles in a 
size range of about 3-4 nm (Figure 30b). On the other hand, the recycled catalyst 
shows almost all particles in the 3-4 nm range (Figure 30d). XPS analysis of these 
two catalysts shows the change in the Pd valence state. As indicated by the 
analysis of the Pd3d line, both catalysts show Pd(II) and Pd(0) states. The relative 
concentration of these valence states changed slightly, from 0.44 in the fresh 
catalyst (Figure 31a) to 0.39 in the recycled catalyst (Figure 31b), which helped to 




analysis was performed to evaluate the stability of the catalyst at high temperature. 
As shown in Figure 32, the catalyst system showed high thermal stability with 
decomposition occurring around 225 oC.  
Figure 31. Deconvoluted high-resolution Pd3d XPS spectra.  
 
 
Figure 32 TGA spectra for catalyst. 
 
The residual palladium in the product was also assayed with inductively coupled 
plasma mass spectrometry (ICP-MS). Two products, B-8a and B-14b, from 




limits set by the FDA (B-8a: 2ppm, B-14b: 0.3ppm). The low Pd content further 
underscored the usefulness of this cellulose-bound nanocatalyst. 
Conclusions 
In summary, we have developed a new cellulose-palladium nanocatalyst (Cell-
OOCPhPPh2-Pd) using simple starting materials and a convenient synthesis. This 
catalyst shows good activity in C-H activation and three other types of cross-
coupling reactions. The products from those reactions contain low Pd residues. 
This catalyst was also easily recycled without obvious loss in the catalytic activity 
even after several runs. Considering the importance of the above features, we 
believe that this catalyst could be an excellent choice for the pharmaceutical 
industry.  
Experimental 
Synthesis of catalyst 5 
The dried MCC (2.5 g, 15.5 mmol) was suspended in 100 mL of dry DMA and 
stirred at 130°C for 2 hours. After the slurry had been allowed to cool to 100°C, 5 
g of anhydrous LiCl were added. By cooling to room temperature and stirring the 
cellulose dissolves completely. To the above solution, a mixture of 6.5 mL (46.5 
mmol) triethylamine and 5mL DMA was added under stirring. After cooling to 
about 8 oC and stirring, a solution of 5.32 g (27.9 mmol) p-toluenesulfonyl chloride 
in 8 mL DMA was added dropwise within 30 min. The homogeneous reaction 
mixture was stirred for 24 hours at room temperature, and then slowly poured into 
700 mL of ice water. The precipitate was filtered off, washed carefully with about 2 




reprecipitated into 400 mL of distilled water. After filtration and washing with 
ethanol, the sample was dried at 50 oC under vacuum for 3 hours to afford MCC-
OTs B-2 (3.2 g, 65.1%) and it was assayed with IR. found:1353 (Vas SO2), 1373 
(Vs SO2). 
A 20-mL vial containing 8 mL DMF was charged with MCC-OTs B-2 (0.634 g, 2 
mmol), sodium bicarbonate (0.202 g, 2.4 mmol) and 2-
(Diphenylphosphino)benzoic acid catalyst B-3 (0.695 g, 2.2 mmol).  The mixture 
was stirred at 70 oC overnight. Precipitation occurred when it was poured into 30 
mL ice water. Filtered and washed the remnant with 50 mL deionized water, 20 
mL ethanol. The remnant was then dried at room temperature under vacuum for 2 
hours to afford compound MCC-OOCPhPPh2 B-4 (0.68 g, 75.6%).  
A 20-mL vial containing 10 mL benzonitrile was charged with MCC-OOCPhPPh2 
B-4 (0.45 g, 1 mmol) and palladium acetate (0.449 g, 2 mmol) under nitrogen 
atmosphere. The reaction mixture was stirred at 60 oC for 20 hours. After cooling 
to room temperature, the mixture was stirred for another 10 hours. The precipitate 
was filtered off and washed carefully with toluene, and diethyl ether. The collected 
solid product was vacuum dried at room temperature to give MCC-OOCPhPPh2-
Pd B-5 (0.373 g, 67.1%). 
General procedure for Suzuki–Miyaura coupling reactions 
An 8-mL vial fitted with a stirring bar was charged with aryl halide (0.2 mmol), 
K2CO3 (0.4 mmol), boronic acid (0.22mmol), 3% catalyst B-5 (4 mg). 3 mL of a 
mixed solvent (ethanol: water = 2:1) was added and the mixture was flushed with 
argon for 1 min. The reaction was heated to 80 oC and stirred at 500 r/min for 2 




was poured into 30 mL EtOAc that was then washed with 10 mL water, and brine. 
The organic layer was dried over Na2SO4. filtered and the filtrate was 
concentrated. The resulting crude product was purified with flash chromatography. 
General procedure for Heck coupling reactions 
An 8-mL vial fitted with a stirring bar was charged with aryl halide (0.2 mmol), 
alkene (0.22 mmol), triethylamine (0.22 mmol), K2CO3 (0.3mmol), 3% catalyst 
MCC-OOCPhPPh2-Pd B-5 (4 mg).  1 mL dry DMF was added and the mixture 
was flushed with argon for 1min. The reaction was stirred at 120 oC for 15 h and 
then monitored with GC-MS. The mixture was poured into 30 mL EtOAc which 
was washed with 10 mL 5% LiCl aqueous solution, brine and the organic layer 
was dried over Na2SO4. Filtered and the filtrate was concentrated. The result 
crude was purified with flash chromatography. 
General procedure for Sonogashira coupling reactions 
An 8-mL vial fitted with a stirring bar was charged with aryl halide (0.2 mmol), 
triethylamine (0.4 mmol), alkyne (0.22mmol), CuI (2.0 mg, 5 mol %) and 3% 
catalyst MCC-OOCPhPPh2-Pd B-5 (4 mg). 1 mL dry DMF was added and the 
mixture was flushed with argon for 1min. The reaction was then heated to 80 oC 
and stirred at 500 r/min for 15 hours. Monitored with GC-MS. The mixture was 
poured into 30 mL EtOAc which was washed with 10 mL 5% LiCl aqueous 
solution, brine and the organic layer was dried over Na2SO4. filtered and the 
filtrate was concentrated. The result crude was purified with flash chromatography. 




A solution of amide (0.5 mmol), aldehyde (1.5 mmol), catalyst (10 mol%) and 
TBHP (40% in H2O, 2.5 mmol) in 1,4-dioxane (2.5 mL) was heated at reflux under 
air for 1 hour. After the reaction was completed, the reaction mixture was allowed 
to cool down to room temperature and EtOAc (20 mL) was added. The resulting 
mixture was washed with saturated aqueous Na2S2O3 (20 mL). The organic layer 
was dried over anhydrous Na2SO4, filtered and the solvent was removed under 
reduced pressure to provide the crude product. The purification was performed by 
flash column chromatography on silica gel to give hydroxyl isoindolone.  









SUMMARY AND OUTLOOK 
 
In Summary, we found an excess amount of silver salt to generate cationic gold 
from a gold catalyst precursor like L-Au-Cl almost always has adverse effects on 
the reactivity of the cationic gold catalyst. A pre-formed L-Au+X- complex, 
generated by sonication followed by centrifugation, increases the reactivity in a 
gold catalyzed reaction. The adverse silver effect might be caused by the 
interaction of silver salts with gold intermediates. --Lu, Z.; Han, J.; Hammond, G. 
B.*; Xu, B.* Org. Lett. 2015, 17, 4534-4537. 
With the new cationic gold catalyst preparation method, we investigated the 
counterion effect on gold catalysis. A widely applicable model was developed to 
rationalize the kinetic effect in gold catalyzed reactions. The gold affinity of the 
counterion and its hydrogen bonding basicity play critical role in the gold catalysis. 
The impact of our studies may not be limited to gold catalysis but may also serve 
to offer general guidance in transition metal catalysis. --Lu, Z.; Han, J.; 
Okoromoba, O. E.; Shimizu, N.; Amii, H.; Tormena, C. F.; Hammond, G. B.*; Xu, 
B.* Org. Lett. 2017, 19, 5848-5851. 
We then developed a new generation nucleophilic fluorination reagent KHSO4-
13HF with a highly ‘acidic’ hydrogen bonding acceptor. It is not only easily-
handled and inexpensive but also capable of hydrofluorinating diverse, highly 
functionalized alkenes, including natural products. --Lu, Z.; Zeng, X.; Hammond, 




A substantially faster technique for simultaneous rapid reaction workup and 
catalyst recovery was developed. This procedure reduces the chance of contact 
with hazardous chemicals and is capable of parallelization and automation. Only 
minimal amounts of organic solvents are needed. --Lu, Z.; Hetman, Z.; Hammond, 
G. B.*; Xu, B.* Green Chem. 2016, 18, 5769-5772. 
A cheap, recyclable, and robust cellulose-palladium nanoparticle (Cell-
OOCPhPPh2-Pd) was developed using simple starting materials and a convenient 
synthesis. The nanoparticles enabled cross-coupling chemistry in a truly general 
fashion i.e., Suzuki, Heck, Sonogashira, and C-H activation. Notably. Complete 
recyclability of the catalyst and low traces of palladium in the product 
demonstrates the sustainability and greenness of the protocol. --Lu, Z.; Jasinski, 
J.; Handa S.; Hammond, G. B.; Org. Biomol. Chem. 2018, 16, 2748 - 2752.  
          A future direction of our research is investigating the counterion effect on 
other transition metal catalysis and exploring more hydrogen bonding acceptors 
for new fluorinating reagent development. Considering the unique properties of 









APPENDIX C: LIST OF ABBREVIATIONS  
 
BArF: Tetrakis [3,5-bis(trifluoromethyl)phenyl] borate 
CTf3: tris(triflyl)methide 
CI: Chemical Ionization 
DCE: 1,2-Dichloroethane 
DCM: Dichloromethane 
DMPU: N, N'-Dimethylpropyleneurea 
DMSO: Dimethylsulfonyl Oxide 
dr: Diastereomeric ratio 
ee: Enantiomeric excess 
EI: Electrospray Ionization 
EtOAc: Ethyl acetate 
GC: Gas liquid chromatography 
h: Hour 
HBD: Hydrogen bond donor  
HBA: Hydrogen bond acceptor  
HF: Hydrogen fluoride  
HFIP: 1,1,1,3,3,3-Hexafluoro-2-propanol 
HMPA: Hexamethylphosphoramide 
HOAc: Acetic acid 
HOMO: Highest occupied molecular orbital 
HRMS: High resolution mass spectroscopy 
Hz: Hertz 
IR: Infrared 










MsOH: Methanesulfonic acid 
NBS: N-Bromosuccinimide 
NCS: N-Chlorosuccinimide 
NMR: Nuclear magnetic resonance spectroscopy 
o: Ortho 
p: Para 
PDI: dibromoperylene diimide 
ppm: Parts per million 
Py: Pyridine  
tert: Tertiary 
TMS: Trimethylsilyl 
TFA: Trifluoroacetic acid 
TfOH: Trifluoromethanesulfonic acid 
THF: Tetrahydrofuran 
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